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ABSTRACT 


The  drag  coefficient  of  a  sphere  was  established 
experimentally  over  a  range  of  Reynolds  numbers  with 
Mach  number  as  a  parameter. 

The  conditions  of  Reynolds  and  Mach  number  were 
related  to  a  falling  one  meter  "ROBIN"  reconnaisance 
sphere  used  for  determining  upper  air  density. 

An  error  analysis  was  performed  on  the  data  to 
determine  the  reliability. 
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*  drag  coefficient  of  the  sphere 
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*  drag  of  the  0.003"  diameter  suspension  wires 

■  Perpendicular  distance  from  the  wire 
suspension  point  to  the  point  of  attachment 
to  the  sphere 

*  V/a  *  Mach  number 

*  number  of  experimental  points 

*  static  pressure 
*'  total  pressure 
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in  wind  tunnel 
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*  hfJ  *  dynamic  pressure 


gas  constant 
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■  projected  area  ox  the  sphere 


“  absolute  temperature  ( °  F) 

*  air  velocity 

■  weight  of  sphere 

■  suspended  weight  used  to  determine  the  wire 
drag  correction 
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determine  the  wire  drag  correction 
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I.  INTRODUCTION 


In  order  to  determine  reliably  the  air  density  from  the 
descent  velocity  of  a  sphere,  the  drag  coefficient  of  the 
sphere  in  regard  to  the  related  Mach  and  Reynolds  numbers 
must  be  known  with  a  high  degree  of  accuracy.  Drag  data, 
which  encompasses  the  descent  of  a  ROBIN  sphere  from  260,000 
ft  altitude,  was  obtained  at  the  University  of  Minnesota 
by  means  of  wind  tunnel  experiments. 

The  required  Reynolds  and  Mach  number  range  was 
established,  from  exploratory  descent  tests,  and  is  shown 
in  Fig  1  (Atmospheric  data  was  taken  from  Ref  1).  Para¬ 
meters  which  can  be  varied  in  a  wind  tunnel  are  velocity, 
static  pressure,  and  model  size.  In  general,  the  velocity 
is  fixed  by  the  required  Mach  number  of  the  descent,  while 
the  related  Reynolds  number  can  be  obtained  by  varying 
static  pressure  and/or  model  size.  Since  variation  in  model 
size  is  neither  desirable  nor  easily  attained,  as  will  be  pointed 
out  later,  it  was  decided  to  vary  the  static  pressure  over  a  suffi 
cient  range  in  order  to  obtain  the  desired  Reynolds  numbers . 

In  this  manner  a  considerable  number  of  experiments  were 
made;  the  summary  results  are  shown  in  Fig  19. 

The  experiments  were  carried  out  by  graduate  and  under¬ 
graduate  students  of  the  University  of  Minnesota.  Messrs. 

Richard  Strom  and  Joseph  Bushard  contributed  significantly 
in  the  performance  of  the  experiments  and  reduction  of  data. 

Mr.  Lawrence  W.  Rust,  Research  Fellow,  was  instrumental  in  the 
chapter  of  error  analysis. 
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\l.  EXPERIMENTAL  EQUIPMENT  AND  TECHNIQUE 


A.  Wind  Tunnel 

The  drag  studies  were  conducted  in  the  University 
of  Minnesota  continuous  flow,  variable  density,  subsonic 
wind  tunnel  shown  schematically  in  Fig  2. 

A  centrifugal  compressor  capable  of  producing  con¬ 
tinuous  flow  at  near  critical  pressure  ratios  is  used  to  create 
test  section  speeds  in  the  subsonic  and  transonic  range,  up 
to  approximately  M  -  0.93.  The  velocity  in  the  test  section 
is  regulated  by  means  of  a  control  valve  located  on  the 

V 

outlet  side  of  the  compressor.  '■ 

Velocity  surging  initially  arose  in  tunnel  operations 
at  very  low  Mach  numbers  (  M<0.1)  because  the  volumetric 
-flow  rate  was  less  than  the  minimum  rated  flow  of  the 
compressor.  To  overcome  this  difficulty,  a  by-pass  was 
installed  to  increase  the  mass  flow  through  the  compressor 
and  yet  allow  the  small  mass  flow  required  through  the 
test  section.  This  procedure  allowed  wind  tunnel  operations 
at  Mach  numbers  as  low  as  0.05. 

As  shown  in  Fig  2,  the  wind  tunnel  incorporates 
several  methods  to  provide  uniform  test  section  flow  with 

i 

minimum  turbulence,  including  a  large  stilling  chamber, 
long  diffuser,  and  a  honeycomb  section.  In  addition,  the 
test  section  has  a  return  flow  channel  as  shown  in  Fig  3. 

Figures  4  and  5  present  the  dynamic  pressure  variation  of  the 
flow  downstream  of  the  '4\  inch  and  8  inch  nozzles,  respectively  (Fig  6), 
It  is  seen  that  there  is  less  than  a  two  per  cent  variation 
of  dynamic  pressure  in  the  core  of  flow. 
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LOW  DENSITY  WIND  TUNNEL  LAYOUT 


DENSITY  WIND  TUNNEL  TEST  SECTION  LAYOUT 


IT* 


DOWNSTREAM  DISTANCE 


The  wind  tunnel  is  equipped  with  a  rotary  piston 

Hrpn  tiflnnnrn  pnmn  napdK]_0  rtf  ^  IHq  St  £>  2T£tl3  q£  S30  C  fill  • 

With  this  pump,  tunnel  static  pressure  of  less  than  1  mm  Hg 
are  obtained  in  a  few  minutes.  The  duration  of  test  runs 
at  the  low  pressures  was  limited  by  the  tunnel  leak  rate  of 
approximately  1.0  mm  Hg/min. 

For  moisture  control  an  air  dryer  is  used  which 
3 

consists  of  a  9ft  bed  of  Sova  Bead  dessicant  which  has  a 
drying  capacity  of  7040  ft^  of  60%  relative  humidity  air 
(Fig  7). 

The  dessicant  can  be  regenerated  by  an  automatically 
controlled  forced  hot  air  unit. 

B.  Models 

The  spheres  tested  were  made  from  nylon,  aluminum, 
and  steel.  In  order  to  avoid  flow  blockage  and  other 
interference  effects  the  projected  area  of  the  model  sphere 
was  in  all  cases  held  to  less  than  four  per  cent  of  the  nozzle 
area.  On  the  other  hand  the  models  could  not  be  made  too 
small  since,  in  general,  the  drag  of  the  support  system 
cannot  be  measured  as  accurately  as  the  drag  of  the  entire 
system.  Therefl^re,  the  spheres  were  made  large  enough  that 
the  drag  of  the  support  amounted  to  approximately  10  per 
cent  of  the  total  drag. 

With  these  restraints  on  model  size,  it  was  decided 
tdk  test  spheres  ranging  from  0.750  in.  to  1.500  in.  Model 
tolerances  were  +  0.001  in.  on  diameter  and  +  0.001  in.  on 
sphericity.  Model  spheres  of  0.75  in.  and  1.50  in.  are  shown 
in  Fig  8  while  Fig  9  shows  a  model  suspended  in  the  test 
section. 
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ROBIN  MOOEL5 


C.  Instrumentation 


The  determination  of  drag  coefficient,  Mach  and 
Reynolds  numbers  required  measurement  of  total  drag,  support 
system  drag,  dynamic  pressure,  static  pressure,  and 
temperature,  all  of  which,  possibly  with  the  exception  of 
the  temperature,  had  to  be  measured  as  accurately  as 
possible. 

1)  Drag  Measurements 

The  drag  of  the  sphere  with  the  suspension  wire 
was  determined  by  the  pendulum  method  as  illustrated  in 
Fig  10.  The  model  was  freely  suspended  from  two  0.0031  in. 
diameter  wires  which  were  attached  to  the  support  systems  in 
the  upper  part  of  the  test  section.  Because  of  this 
suspension,  the  sphere  was  displaced  by  the  aerodynamic  force. 
However,  it  became  apparent  that  the  model  must  be  held 
in  the  same  position  in  the  flow  throughout  the  tests  in  order 
to  avoid  deviations  Caused  by  the  slight  velocity  variation 
in  the  downstream  direction.  This  was  accomplished  by 
changing  the  origin  of  the  model  support  wires  and  their 
length  with  two  variable  speed  reversing  motors  as  seen  in 
Fig  10.  The  exact  model  position  was  maintained  through  the 
use  of  a  cathetometer  mounted  outside  the  test  section  window. 
After  oscillations  of  the  model  had  damped  out,  the 
model  support  system  was  moved  in  order  to  restore  the 
model  *-o  its  original  position  and  this  displacement  was  measured 
directly  by  an  Ames  dial  gage  micrometer.  The  displacements 
were  used  to  calculate  the  aerodynamic  drag.  The  sensitivity 
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SCHEMATIC  LAYOUT  OF  DRAG  BALANCE  AND  MODEL 
SUSPENSION  SYSTEM 


of  the  system  was  varied  by  changing  the  weights  of  the 
spheres  used. 

A  similar  method  shown  in  Fig  11  was  used  to  determine 
the  wire  drag  (model  support  drag) .  Again  the  wire  was 
suspended  from  a  movable  support.  However,  rather  than 
being  attached  to  a  sphere,  the  wire  was  attached  to  a 
small  weight  enclosed  in  a  hollow  sphere  filled  with  a 
damping  fluid.  This  rigidly  mounted  hollow  sphere  merely 
served  to  recreate  the  same  flow  field  as  present  during 
the  total  drag  measurements.  The  enclosed  damping  fluid 
reduced  wire  vibration.  The  wire  and  hollow  sphere  were 
electrically  charged  so  that  contact  between  the  two  was 
detectable.  The  movement  of  the  support  system  necessary 
to  eliminate  this  contact  was  measured  as  in  the  total  drag 
tests. 

The  sphere  drag  could  now  be  determined  from  th-5 
condition  of  the  moment  equilibrium  (see  Fig  12) .  With 
respect  to  point  0,  equilibrium  requires: 


D(Lr  r)  +  UW(LW)  -  W(aX  t  (5),  (i) 

About  the-  point  P  one  gets 


W  •  6  =  D  •  r . 


(2) 


Combining  Eqns  1  and  2, 


D-L  +  DWU  =  W  (aX). 


(3) 


i  / 


5 

1 


FIG  11-  SCHEMATIC  LAYOUT  OF  SUSPENSION  WIRE  DRAG  MEASURING 
SYSTEM 


FIG  12 .  DIAGRAM  FOR  DEVELOPMENT  OF  SPHERE 
DRAG  EXPRESSION 
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The  measurement  of  wire  drag  provides 


nA<-L  =  w/*ax  . 

‘—'W  1 — w 

Therefore 

n -  _  W'ax' 

U~  L  L 

One  observes  that  only  the  horizontal  displacement  of  the 
model  support  is  needed  to  determine  the  sphere  drag. 

2)  Dynamic  Pressure  Measurement 
The  extremely  low  dynamic  pressures  of  these  tests  were 
measured  with  a  pitot-static  probe  placed  near  the  edge  of 
the  core  flow  just  downstream  from  the  nozzle  in  combination 
with  a  Statham  differential  diaphragm  transducer  gage  using 
a  galvanometer  readout  system  shown  schematically  in  Fig  13. 
Ordinary  liquid  manometers  were  not  suitable  due  to  their  low 
sensitivity  and  the  relatively  high  vaporization  pressure  of 
most  manometer  fluids.  The  Statham  gage  provided  sufficient 
accuracy,  and  was  found  to  have  very  little  calibration 
drift.  Calibration  curves  for  the  gage  at  different  bridge 
sensitivities  are  shown  in  Fig  14.  As  can  be  seen  the  curves 
are  linear  throughout  the  entire  range. 

As  mentioned  earlier,  measurements  were  made  of  the 
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FIG  13A.SCHEMATIC  AND  CIRCUIT  DIAGRAM  FOR  MEASUREMENT 
OF  DYNAMIC  PRESSURE 


*0'i**»  ft-  - 


FIG  13b.  GALVANOMETERS  AND  BRIDGE  CIRCUITS  USED  IN  THE 

MEASUREMENT  OF  DYNAMIC  PRESSURE 


GALVANOMETER  DEFLECTION  (rrm) 

F!G  14.  CALIBRATION. ..CURVES  FOR  .05  psid  SWHAM  GAGE 


dynamic  pressure  variations  across  the  core  flow  as  presented 
in  Figs  4  and  5.  In  addition,  simultaneous  measurements  of 
the  dynamic  pressures  at  the  probe  position  and  at  the  stagna¬ 
tion  point  of  the  model  were  made.  A  small  variation  was 
found,  and  a  correction  factor  was  established  for  each 
Mach  number  condition  to  be  used  in  the  calculations.  It 
was  found  that  the  correction  factor  is  not  constant  with 
pressure  at  the  higher  Mach  numbers  thus  a  variable  correction 
factor  was  applied  to  the  calculation  of  dynamic  pressure. 

3)  Static  Pressure  Measurement 
To  cover  the  full  range  of  static  pressures  necessary  in 
the  tests,  two  static  pressure  gages  were  used.  For  static 
pressures  above  20  mm  Hg,  an  ordinary  differential  mercury 
manometer  was  used.  The  evacuated  side  provided  a  zero 
pressure  reference  level,  with  the  scale  adjusted  according 
to  changes  in  atmospheric  pressure.  Static  pressures  below 
20  mm  Hg  were  measured  with  a  more  sensitive  Dubrovin  gage 
(Fig  15). 

The  static  pressure  probe  was  located  at  the  top  of  the  test 
section.  No  measurable  variation  in  static  pressure  was  found 
between  this  position  and  the  static  pressure  measured  in 
free  stream  flow. 

4)  Temperature  Measurement. 

The  static  temperature  of  the  flow  was  measured 
with  a  radiation  shielded  thernocouple  located  in  the  test 
section,  with  direct  readout  obtained  using  a  Brown 
Recorder  (Fig  16). 
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FIG  15.  DUBROVIN  GAGE  AND  MERCURY 
MANOMETER  USED  FOR  STATIC 
TEMPERATURE  MEASUREMENT 
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FIG  16.  BROWN  RECORDER  USED  FOR 

TEMPERATURE  MEASUREMENT 

22 


At  the  low  operating  densities  involved  there,  is  only  little 
frictional  heating  in  the  flow  resulting  in  a  small  tempera¬ 
ture  variation  from  room  temperature  throughout  the 
wind  tunnel,  thus  eliminating  the  need  for  an  obstructing 
probe  in  the  core  flow.  Furthermore,  temperature  is  not 
one  of  the  critical  measurements,  entering  only  in  the 
calculation  of  Reynolds  numbers. 

D.  Experimental  Procedure 

The  test  procedure  necessary  to  obtain  the  required 
data  was  to  keep  the  Mach  number  constant  during  a  test 
sequence  while  varying  the  Reynolds  number  through  the 
required  range.  With  the  tunnel  evacuated  to  the  lowest 
required  static  pressure,  the  compressor  control  valve  was 
adjusted  to  give  the  desired  Mach  number.  When  steady  state 
conditions  were  reached,  readings  of  model  deflection, 
dynamic  pressure,  static  pressure,  and  temperature  were 
taken  simultaneously  by  two  observers.  For  each  data 
point,  this  procedure  was  repeated  up  to  15  times  in  order 
to  obtain  very  reliable  average  values. 

Air  was  then  bled  into  the  system  until  the  next 
higher  static  pressure  (Reynolds  number)  was  obtained. 

Since  the  Mach  number  varies  slightly  with  static  pressure, 
a  slight  readjustment  of  the  control  valve  was  necessary. 
When  steady  static  conditions  were  reached,  readings  were 
taken.  This  process  was  repeated  over  the  entire  static 
pressure  range.  A  sample  run  sheet  is  shown  in  Fig  17. 
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FIG  17.  SAMPLE  RUN  SHEET 


III.  RESULTS 


A.  Method  of  Calculation 

A  sample  calculation  sheet  is  shown  in  Fig  18.  The 
methods  of  calculation  used  to  obtain  the  drag 
coefficient,  C  ,  Mach  number,  and  Reynolds  number  are 
given  in  the  following  paragraphs. 

The-  drag  coefficient  is  defined  in  the  usual  manner 
as 

C 

D  qS  (6) 

where  D  =  model  drag 

q  =  dynamic  pressure 
S  =  model  projected  area. 

The  d'rag  of  the  sphere  was  given  in  Equation  5  in  terms  of 
measured  quantities.  In  subsonic  and  transonic  flow  the 

V 

dynamic  pressure  is 


8 


Pt-P _ 

^  No  ^iooo 


t . 


(7) 


where  PT  -  P  *»  AP=  measured  differential  pressure,  and  the 

denominator  represents  the-  Mach  factor.  In  this  study,  the 

NACA  1135  tables  were  used  to  find  q/P^,  from  the  pressure 

ratio  P/Pm 
T. 

The  Mach  number  was  read  from  the  NACA  1135  tables 
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STATHAM  GAGE  CALIBRATION  SLOPES 
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SAMPLE  CALCULATION  SHEET 
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(13) 


In  this  equation,  the  factor  olVp*  is  a  constant,  P  has 
been  measured,  is  a  function  of  temperature  which 

(  was  tabulated  for  the  required  range,  and  M  can  be 

calculated  as  above. 

B.  Discussion  of  Results 

Figure  19  presents  the  drag  coefficient  of  the  sphere 
as  a  function  of  Reynolds  number  with  Mach  number  as  a 
parameter.  A  larger  size  of  the  same  plot  with  an  extension 
to  connecting  data  is  contained  in  Appendix  A  of  this  report 
as  Fig  A-l.  It  can  be  seen  that  all  curves  have  a  common 
trend.  There  is  only  a  small  variation  of  with 
Reynolds  number  while  the  effect  of  Mach  number  becomes 
increasingly  important  as  the  Mach  number  itself  increases. 

For  the  Reynolds  number  range  presented  in  this 
(  report,  only  data  in  the  incompressible  flow  regime  was 

found  in  literature.  For  example,  the  drag  coefficients  related 
to  velocities  of  M  ^  0.39 ‘Which  were  established  in  this 
study,  can  be  compared  with  those  of  Ref  7.  Both  sets  of 
data  seem  to  agree  perfectly  with  each  other.  No  source 
was  found  that  would  give  comparable  data  for  higher  Mach 
numbers  in  this  Reynolds  number  range.  Reference  6  shows  drag 
coefficients  of  spheres  in  the  same  Mach  number  range  but 
for  higher  Reynolds  numbers.  This  data  is  shown  in  Fig  a-1, 
Appendix  A  and  seems  to  be  in  agreement  with  those 
obtained  in  this  study. 

A  possible  effect  of  importance,  which  may  influence 


FIG  19.  DRAG  COEFFICIENT  OF  A  SPHERE  AT  VARIOUS  Re 


the  higher  Mach  number  range  is  that  of  rarified  gas 
phenomena.  The  transition  point  from  continuum  to  slip 
flow  is  usually  given  at  M/ v/Re  =  0.01,  and  from  Fig  19, 
it  can  be  seen  that  many  of  the  drag  coefficients  are 
located  between  the  characteristic-  numbers  of  0.01  ^ 
M/\/Re  0.032.  The  slip  flow  effect  will  certainly 
become  more  noticeable  when  the  region  of  interest  of  the 
RODIN  sphere  should  be  extended  into  higher  speed  and 
lower  density  regions. 
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IV.  ERROR  ANALYSIS* 

A.  Analytical  Method 

The  results  of  physical  measurements  incorporate  errors 
which  may  be  broadly  classified  as  Random  and  Instrument 
errors . 

Random  errors  arise  from  the  faulty  reading  of  instru¬ 
ments.  These  are  also  referred  to  as  "round  off"  errors 
since  it  is  assumed  to  be  impossible  to  read  this  instrument 
to  an  accuracy  greater  than  one-half  of  the  minimum 
division  of  its  scale,  and  the  operator  usually  rounds  off 
the  instrument  reading  to  one-half  of  the  smallest 
division  (e.g.,  if  the  smallest  division  is  one  millimeter, 
the  operator  can  read  the  instrument  to  only  one-half  of 
a  millimeter  accurately). 

The  instrument  errors  are  inherent  in  the  instrument, 
and  are  usually  established  by  the  manufacturer. 

The  purpose  of  this  analysis  will  be  to  obtain  an  upper 
estimate  of  the  possible  errors  characteristic  for  established 
drag  coefficient  of  a  sphere  as  shown  in  Fig  19. 

The  derivation  of  the  error  equations  is  presented  in 
Appendix  B. 

In  this  section,  the  results  are  only  repeated  for  a 
discussion  of  the  important  terms. 

*  Mr .  Lawrence  W.  Rust,  Research  Fellow,  University  of 

Minnesota,  was  instrumental  in  the  establishment  of  this 
chapter. 


From  Appendix  B,  the  error  equations  for  the  drag 
coefficient,  and  the  P^eynolds  and  Mach  number  are 
respectively: 

r VC0]_  <5W  .  c5AX  .  2<$J  .  6&P  ,  JL  .  A x'cW',  wVAX' 

"cTJ-  'W  +  ^x'  +"T'fZp‘+  L  +ax¥+  Wax 

max. 


I 


The  error  in  W  and  W*  is  less  than  0.05%.  Therefore, 

these  terms  have  been  neglected  in  the  following  efforts. 

In  order  to  find  the  total  drag  coefficient  error  one 

must  also  consider  the  error  in  induced  by  Mach  and 

D 

Reynolds  number  error.  For  this  analysis  we  use: 


cTCc 

C\ 


'  M  J 


and 
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where  v  '  is  the  slope  of  the  Cn  versus  M  curve, 

— ■ —Q  is  the  slope  of  the  C  versus  Re  curve, 

a  Aek  D 

is  the  maximum  possible  error  in  due  to 
Mach  number  error, 

and  1  is  the  maximum  possible  error  in  C  due  to 

*Jcis 

Reynolds  number  error. 


JCoj 

'  Co  L 


Combining  the  errors  in  these  three  parameters  we  find  that  the 4 
maximum  total  error  in  drag  coefficient  is: 


cfC  p 


I  +  cT  Co  1 

/  IUV.  Cu 

I"  cy 

Since  the  drag  coefficient  does  not  vary  sharply  with 
Reynolds  number,  errors  in  Reynolds  number  are  negligible 
in  the  determination  of  total  drag  coefficient  error  (see 
Table  II).  Whereas,  above  M  =  0.55,  the  Mach  number  error 
(Table  II)  does  become  important  due  to  the  increasing  effect 
of  compressibility  on  the  drag  coefficient. 

1.  The  random  errors 


The  various  random  errors  of  the  measurements  are 
presented  in  Table  I.  These  errors  were  taken  as  one-half 


1 


k 

O 

k 

y 

w 


B 

o 

XI 

c 

2 


>> 

U 

•rl 

k 

G 

tO 

3  XI 
O'  0) 
u 
3 

i — i  01 

tO  tO 

•H  2 
to 

I 


C 

o 

•rl 
4-1 
O 
<0 
i — I 

4-t 

a) 

x 


to 

K 


in  r-t 

■  • 

o  o 

+1  +1 


cr 


0) 

k 

3 

0) 

w 

a) 

k 

fa 

o 

•rl 

a 


<o 

k  oO 
33S 
to 

o)  6 
0)  B 
k 

ao 

CM 

O 

•rl 

kfa 

(0 

k 

COO 


3? 


c 

•rl 

m 

o 

o 

* 

o 

-H 


<u 

k  no 
3  ® 
01 

to  • 
<U  G 

k  *rl 

a 

m 

o 

•rl 

k  fa 

to 

k 

co  o 


00 

3S 


•S 

m 

CM 

O 

o 

+  1 


e 

a)  k 
k  3 
3 

01  r-l 
01 
0) 

k  Ik 

a 

00 

pa 

o 

•rl  • 

k  a 

CO  -ri 
k 

com 


c 

•H 

<* 

O 

O 

• 

o 

+1 


G 

0 

•rl 

k 

o 

a) 

H 

U-l 

0) 

TO 

<0 

k 

a) 

co 


c 

to  tu 

i .  a 

O  3 

k  k 
k  k 

“8 
tu  •k 
• — t  G 
_  n  •(-! 

•rl 

ai 'd 
01  (0 
o  rd 

a3 

rH  O 
rj  C 
<J  *rl 


•a  k 

ow 
3s  C 
k  a) 

Q)  r-t 

k  k 
,fi  <U  <0 

the  k 

•rl  to  *r; 

0)  -rl  3 

k 

(U  <U  k  CM 
k  k  OC 
<u  a)  a  • 

££  3*° 

cu  O#  .  . 
CO  CO  CO  +| 


B 

o 


fa 

o 

m 

• 

o 

+1 


3 

k 

CO 

$ 

B 

a) 

H 


k 

§ 

I 

k 

k 

01 

G 

t-t 


(U 

tO 

tO 

bO 

B 

tn 

to 

k 

3 

k 

0 

to 

k 

k 

a) 

co 

£ 

0) 

rH 

to 

rH 

tO 

to 

tO 

•rl 

to 

•rl 

k 

k  k 

G 

G 

G  <0 

<U 

•rl 

<U  k 

k 

> 

k  a) 

<u 

O 

tU  E 

<w 

k 

tw  0 

4-1 

4-1  c 

•H 

3 

•k  ttj 

Q 

Q 

O  £ 

k 

3 

0) 

0 

O 

k 

G 

0) 

fO 

£ 

fH 

CO 

rH 

CQ 

tO 

•rl 

<u 

a 

k  k 

to 

•rl 

G  <0 

to 

tk 

a)  k 

to 

•rl 

k  3 

k 

tu  B 

C 

<w  0 

rH 

0) 

<w  G 

•rl 

•rl  tO 

•ri 

O 

O  £ 

Q 

co 

<u 

i— I 

a. 

3 

O 

CJ 

o 


<u  <u 
k43 
3H 

k 

fO  XJ 
k  C 
<U  to 
fa 

S  k 
<u  o 

H  k 
to 
G  O 

3  *rt 

O  XJ 
k  G 
CQ  M 


34 


TABLE  I.  RANDOM  ERRORS 
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TABLE  II.  INSTRUMENT  ERRORS 


L he  smallest  division  of  the  scale. 

2.  Instrument  errors 

The  instrument  errors  are  presented  and  described 
in  the  following  Table  II. 

3.  Results 

The  preceding  analysis  leads  to  the  maximum  possible 

error  in  drag  coefficient,  and  Mach  and  Reynolds  number  due 

to  the  random  and  instrument  errors.  These  errors  have 

been  calculated  and  are  shown  in  Table  III.  It  can  be 

seen  that  the  maximum  possible  error  of  the  drag  coefficients 

presented  in  Figs  17  and  18  ranges  from  +  1.16  to  +  5.48, 

The  lowest  error  occurs  for  a  high  Reynolds  and  low  Mach 

number,  while  the  highest  error  is  connected  with  a  low 

Reynolds  and  high  Mach  number. 

In  the  process  of  error  calculation  it  became  evident 

that  the  errors  in  the  establishment  of  the  sphere  deflection 

and  the  recording  of  the  dynamic  an*,  static  pressure  contributed 

the  largest  part  to  the  total  error. 

In  the  development  of  the  error  equations  for  M, 

and  Re,  all  negative  signs  were  changed  to  positive  signs 

to  obtain  a  maximum  possible  error.  In  doing  this  a  certain 

amount  of  natural  cancellation  between  th.  various  sources 

of  erior  was  miitted.  Furthermore,  in  all  cases,  a  considerable 

number  of  tests  were  conducted  at  each  condition  of  M  and 

Re,  and  the  errors  in  the  results  of  tne  measurements  are 

decreased  due  to  the  avera^in^,  process  and  the  random 
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i'i.iLul.’  of  the  readings.  The  analysis,  however,  considers 
merely  one  measurement  with  maximum  deviations. 

Cne  other  factor  tending  to  confirm  that  actual  errors 
are  smaller  than  the  calculated  maximum  errors  is  the  fact 
that  all  of  the  resultant  curves  do  become  quite  dissimilar, 
particularly  at  the  low  values  of  Re,  where  the  largest 
errors  could  occur. 

From  the  above  discussion,  it  appears  that  the  errors 
predicted  by  this  analysis  are  generous  and  one  would 
expect  the  actual  maximum  errors  of  the  presented  drag 
coefficients  to  be  smaller  than  the  predicted  values  (Table 
III). 

As  illustration  to  Table  III,  Figure  i>-l  shows  the 
trends  of  the  maximum  possible  error  based  on  analytical 
considerations  as  well  as  from  statistical  analysis.  The 
latter  method  shall  be  discussed  in  the  next  chapter. 
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b.  Statistical  Methods 


In  order  to  arrive  at  an  error  from  an  examination  of  the 

quality  of  the  data  by  statistical  means,  a  standard  deviation 

defined  by  a~  -  \Z(£o*>t.~Co)z  was  evaluated  for  all  experimental 

points  tested.  This  distribution  in  the  form  of  -gr-  is 

°  \ 

presented  in  Figure  .  It  can  be  seen  that  only  in  six  cases 

-S.  ,V,  ’ 

is  greater  than  4%.  £ 

Three  of  these  points  are  insignificant  since  they  '.are', 
at  low  Mach  numbers  where  there  is  sufficient  data  to  f 

determine  a  reliable  drag  coefficient.  The  other  points 

\ 

are  at  M  ■  0.90  and  low  Reynolds  numbers,  where  accuracy  is 
inhibited  by  variations  induced  by  transonic  phenomena  and  \ 
the  measurement  of  low  pressures.  Measurements  in  this 
region  are  always  difficult. 

The  statistical  deviations  as  shown  in  Figure  B- 2  are 
correlated  to  the  drag  coefficients  which  are  suggested  in- 
Figure  19.  The  result  is  shown  in  Figures  B-3  through  B-7., 

The  statistical  approach  shows,  as  does  the  analytical 
one,  a  decreasing  error  with  increasing  Reynolds  numbers  and 
minimum  error  in  the  region  of  M  «  0.48.  An  average  standard 
deviation  for  each  Mach  number  is  shown  to  be,  in  general, 
lower  than  the  maximum  error  predicted  by  the  analytical 
method,  as  a  comparison  with  Table  III  and  Figure  13-2  will 
show. 


In  view  of  the  preceding  discussion,  it  appears  that  the 
statistical  results  do  indicate  the  actual  error  better  than 
the  analytical  error  analysis.  The  analytical  treatment  merely 
indicates  the  possible  upper  limit  of  errors  included  in  the 
drag  coefficients  shown  in  Figures  O  \  id  A-l. 
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APPENDIX  A 


DRAG  COEFFICIENT  OF  A  SPHERE  AT  VARIOUS  MACH 
NUMBERS  VERSUS  REYNOLDS  NUMBER 


See  fold-out  graph  in  pocket  of  back  cover 


APPENDIX  B 


Derivation  of  Error  Equations. 

1.  Error  included  in  the  Drag  Coefficient  CD 

In  order  to  obtain  the  error  expression  the  drag 
coefficient  has  to  be  presented  in  terms  of  the  measured 
variables.  Figure  IS  shows  the  test  arrangement  and  forces 
acting.  From  moment  equilibrium  about  the  wire 
suspension  point  "0“  one  obtains, 

D(L+  r)  1-  Dw  (Lw)  =  W(AX+  6)  .  (1) 

While  the  same  condition  about  the  point  P  located  at 
the  sphere  provides 

w  ■  s  =  D  •  r  .  (2) 

Substituting  this  into  Equation  1,  we  obtain: 


D  •  L  +  Dw  •  L  w  -  W  •  A  X  .  O) 

The  wire  drag  was  determined  by  using  a  similar  test 
arrangement  with  the  following  modifications.  A  small  weight 
was  attached  to  the  support  wire,  but  this  weight  was 
enclosed  in  a  hollow  sphere  of  the  same  dimension  of  the  sphere 
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under  investigation.  The  hollow  sphere  was  supported 
by  a  sting  to  the  floor  of  the  test  section.  Under 
these  circumstances  the  wire  drag  gives  the  following 
relation  (see  Figure  1) : 


Dw  Lw  =  W'AX' 


w 


Combining  Equations  3  and  4  gives  the  sphere  drag 


n -  wax  __  w'-AX1 
U~  L.  L 


where  is  the  wire  drag  correction  term. 

From  Equation  5  the  drag  coefficient  of  the  sphere 
follows : 


WAX 

cjcPL 


(6) 


in  terms  of  all  the  measiared  variables  subject  to 
quantitative  errors. 

To  evaluate  the  error  in  CD  the  assumption  is  made 
that  the  error  in  the  measured  quantity  of  the  differential 
pressure  Ap  is  not  magnified  in  making  the  compressibility 
corrections  in  order  to  eet  the  dynamic  pressure  q. 
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Replacing  4  by  zli  P  one  can  write: 


■Q  =  C0  (\A/,AX,AP ,  d,W')AX,JL).  (7) 


The  small  change  in  due  to  changes  in  the  independent 
variables  follows  from  (Ref  3) : 


=  ‘  ’  SAX  +§£p,£AP(Q) 


x-^Cd  ,  rl  ,  ACa ,  r  I  4  ACo  .  ru/1 ...  jC,p  .  r  A  y. 1 


This  equation  can  also  be  interpreted  as  the  error  in  C 

D 

due  to  small  errors  in  the  measured  variables. 

r  q 

The  fractional  error  in  Cq  is  ~q~^~  »  where 

is  taken  from  Equation  6.  For  simplification  one  can 
neglect  the  wire  drag  correction  term  in  ,  which  is 
small  compared  to  the  remainder  of  the  expression.  Hence 

nr.-  ^  ^  \A/^^  X _  onrl  +-K/ 


dividing  Equation  8  by  CD—  ^ ^ p <j 2~L  anc*  Per^ornjinS  the 
necessary  differentiation  one  gets: 


£Co 

CD 


5vv  sax  sap  l  2  SS 


sl  ax'  Sw]  w1  Sax! 

L  AX  W  WAX 


(9) 


The  maximum  error  occurs  where  all  the  individual 
have  the  same  sign,  therefore 

S€n .  <5vv  ,  c^ax  Sap  ,  2JlA 

CD  W  AX  “ZF  ^  d 

,  SL  ,  AX1  <Tw'  .  W*  <$ZX' 

+  "ir  + A>r'w-+‘w"A>r'  * 


2)  Errors  in  Reynolds  Number 


The  Reynolds  number  is  given  by: 


R 


e 


M 


V  is  given  by: 


Using  the  perfect  gas  law,  one  may  write: 


errors 


(LO) 


(ID 


(12) 


(13) 
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Sutherland's  formula  for  air  viscosity  is: 


{ 

\ 

"  =  2-27^rk.s  *10"8  •  <“> 

Substituting  Equations  12  and  13  into  11  gives: 


Re=/jpH  •  (15) 

Using  the  same  differentiation  formula  as  before, 
or  >  obtains : 


i 

\ 


SR*  _  I  rsp , 
Re  “2  L  P 


WT 

^/T 


*  (16) 


Introducing  the  relationship  shown  in  Equation  14, 
provides : 


wT  _  rv,  t 

>u/T"  L  T+I98,6_ 


Substituting  Equation  17  into  16  yields  the 
maximum  possible  error 


(17) 


SR, 


,R 


-  2 
MAX. 


£R 

p 


£AP] 

at 


T 

T +198.6 
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Errors  in  Mach  Numbers 


The  Mach  number  is  given  by: 


where  a  ■»  speed  of  sound  «  RT 
Substituting  E4uations  20  and  12  into  Equation  1 


Differentiation  leads  to  the  maximum  error: 


FIG  B*2.  r/C§  DISTRIBUTION  FOR  ALL  ROBIN  SPHERE  MACH  AND  REYNOLDS  NUMBERS  TESTED 


NUMBER 


3 


0 


2 

REYNOLDS  NUMBER 


FIG  B-4.  VARIATION  OF  NORMALIZED  STANDARD 
DEVIATION  FOR.5(4=  .485  AND  .530 
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FIG  B-5.  VARIATION  OF  NORMALIZED  STANDARD 
DEVIATION  FOR  M=.620  AND  .685 
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A  solution  is  presented  which  predicts  the  lift  and 
induced  drag  acting  on  a  rotating  sphere  immersed  in  a  uniform, 
rectilinear  flow.  The  theory  neglects  the  viscous  effect  and 
is  thus  primarily  applicable  for  small  Reynolds  number  condi¬ 
tions  . 

The  coefficients  of  lift  and  induced  drag  depend  on 
the  dimensionless  parameter  u)  R/U  where  oj  represents  the 
angular  velocity  of  the  sphere,  R  signifies  its  radius,  and 
U  the  free  stream  velocity. 
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I.  INTRODUCTION 


The  effects  on  the  motion  of  a  sphere  duo  to  rotation 
may  become  significant  In  many  practical  problems.  For  exam¬ 
ple,  in  the  ROBIN  Project,  which  attempts  to  determine  the 
air  density  at  high  altitudes  through  measurements  of  a 
sphere's  motion,  a  knowledge  of  the  lift  and  induced  drag  of 
the  sphere  due  to  rotation  is  necessary  to  accurately  inter¬ 
pret  the  experimental  results.  Similarly,  thl3  effect  could 
conceivably  influence  the  results  of  experiments,  where 
attempts  are  made  to  determine  the  wind  at  various  altitudes 
through  the  use  of  an  inflated,  rising  sphere. 


; 
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II.  DETERMINATION  OP  THE  LIFT  DISTRIBUTION 
ON  A  ROTATING  SPHERE 

A.  Coordinate  System 

The  coordinate  system  used  for  this  analysis  is  pre¬ 
sented  in  Pig  1.  The  free  stream  rectilinear  flow  is  assumed 
to  be  in  the  negative  y  direction.  Three  separate  coordinate 
systems  are  seen  in  Pig  1.  The  x'-y'-z'  system  is  obtained 
by  rotation  of  the  x-y-z  system  about  the  y-axis  through  an 
angle  p  .  The  x"-y"-z"  system  is  obtained  by  rotation  of  the 

x-y-z  system  about  the  z-axis  through  the  angle  OC  .  ©  repre 

/ 

sents  the  angle  between  the  y-axis  and  a  ray  from  the  origin 
to  a  point  of  interest  on  the  sphere.  To  determine  ,  we 
pass  a  plane,  perpendicular  to  x",  through  the  point  of 
interest  (p)  on  the  sphere.  The  x"-axis  represents  the  axis 
of  rotation  of  the  sphere. 

B.  Analysis  of  the  Velocity  Distribution 

The  fluid  velocity  at  the  surface  of  the  sphere  is 
composed  of  two  components: 

1)  Velocity  due  to  the  potential  flow 

2)  Velocity  due  to  the  rotation  of  the  sphere  , 

The  surface  velocity  due  to  the  potential  flow  is 

given  by  (Ref  1,  p  67): 

Vfusin©i0  •  CO 
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The  rotational  component  Is  given  by: 


where : 

c»i  =  angular  velocity  of  sphere  about  x"  axis 
r  =  distance  from  x"  axis  to  the  point  in  question. 
The  vector  sum  of  the  two  components  is:  -  - 


V*%*%  .  (3) 

We  will  shortly  have  need  of  the  square  of  the  total 
velocity.  This  is  given  by: 


v2=  v-v  =(tfe+\^Mve+\^) 


If  we  let  Ve  =  |^|  ,  Vp  =|\^|  ,  we  obtain: 


» 


(4) 


where 


Ve  =-|  U  Sin  0 


Prom  Eqn  (4)  we  see  that  we  must  determine  the 
quantity  .  To  do  this,  we  first  express  f0  and  u 

y,  »  yy  » 

in  terms  of  l,  J,  kj  the  unit  vectors  in  the  x,  y,  and  z 
directions,  respectively. 

Let  us  first  consider  ip  .  Prom  Pig  1,  we  see  that 
it  may  be  expressed  in  terms  of  the  x"-y"-z"  coordinate 
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system  as: 


4  .  /Su  A  " 

ip  =  -sin/3  j  +  cosfi  k  , 

A  /N 

or,  since  K  =  k>  we  have: 

ip  =  -sin/3  j  *  cos/9  k  ;  (5) 

also,  from  geometry,  we  see  that: 

A/7  A  A 

J  =  -sin  oc  i  ♦  cosoc  j  • 

Using  this  relation,  we  find: 

ip  =  sin  a  sin/3?  -  cos  oc  sin/3  f  ♦  cosp  (c  ,  (6) 

We  next  consider  .  Prom  Pig  1  we  note  that: 

A  A'  A' 

>e  =  -sin  0  j  *  cos©  k 

or,  since  J*  = 

A  A  A  /  ,  » 

ie  -  -sine  j  +  cos ©k- 

Again,  from  Fig  1,  we  note  that  may  be  expressed 
as: 

A'  ,  A  ,  A 

k  =  sin(p  i  +  cos  q)  k  • 

Substituting  this  relation  into  (?)>  we  obtain: 

fg  =  cos  ©  sin <t>r~  sin  ©  J  +  cos©  cos(j)  {<  •  (8) 

Taking  the  dot  product  of  (6)  and  (8)  yields: 

l^fp  =  sinoc  sin^3  cos©sin(j)  +  cosOCsm/9sin©+cos/3cos©cos0^9^ 
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Thus,  Eqn  (4)  becomes: 

V2  =  V/+  \^2  +  2VeVf) [sin  oc sin/?cos0  sin (j) + 

+  cosoc  sin^sin©  +  cos/?cos0cos(j)]  •  (i°) 


Since  V  is  the  velocity  on  the  surface  of  the  sphere. 
It  depends  on  only  two  space  variables.  We  shall  eliminate^# 
from  Eqn  (10)  through  the  use  of  geometric  properties. 

We  note  that  the  vertical  distance  AP  can  be  written 
as: 

AP  =  rsin/9  »  PC  cos  (j)  5  (n) 

We  also  see  that: 

PC  =  R  Sin©  ,  (12) 

where  R  =  radius  of  sphere. 

Substituting  Eqn  (12)  Into  (ll)  yields: 

r  sin/?  =  R sin 0  cos'))  •  (13) 

We  next  observe  that  the  distance  AD  can  be  written  as: 


AD  =  1  sin  oc  +  r  cosflcos  oc  =  r  cos  9  , 


or 


r  cos/3cos or  +  qsin a  =  R  cos© 

Finally,  we  note  that: 


(14) 


OE  =  CD  +  DE 


But: 


and: 


OD  =  AC  =  R  sin©  sin  (J)  , 


DE  =  r  cos^sin  oc  ; 
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therefore : 


OE  =  R sin  9  sm<|>  +  r  cos/9  since  •  (15) 

But,  we  also  have  from  Pig  1: 

OE  =  p-i  cos  oc  • 

Thus : 

R  sin  0  sin  (j)  +  r  cos/3  sin  oc  -  rj  cos  oc  •  (16) 

Equations  (13),  (l4),  and  (l6)  present  three  relations 
between  the  variables  r,  r1# © ,  (Note:  OC  is  not  a 

variable  but  remains  fixed  for  any  given  problem).  Thus, 
any  three  of  these  variables  can  be  written  in  terms  of  the 
remaining  two.  We  choose  to  solve  these  equations  for/3  in 
terms  of  0  and  (j)  . 

Re-writing  Eqns  (l4)  and  (l6),  we  obtain: 

n 

and 

This  yields: 

R  cos0  -  r  cos/3  cos  a  =  tan  oc(Rsin0sin(|)*  rcosy3sin<x)  * 

or: 


cos  oc 


R [cos ©-  tana  sin 0  sin  <})]  =  r[tan  a  cos/2sinor+cos/3co5cc].(i7) 


Dividing  Eqn  (l?)  by  (l 3)  we  obtain: 

cosQ  -tanccsjng  sin(j)  _  tana  cosa  sin  a  *  cos/3  cosoc  , 
sin©  cos^  ~  sin/3 

which  may  be  solved  for  tan  to  give : 


tar)rt  = _ cqs4_s_iq9__ _ _ 

I  cosajcos© -tana  sm8sm<j)] 

Since 

sm/3  =  (1  +  cot /3 ) 
cos^3  =  (1*  tan2/3  )',,a  - 


(18) 


we  obtain: 


sin/3  = 


1  * 


co^g  (cos©  -tang  sinQ  sind))2 
cos^Fsir^G  w 


t~V2 


(19) 


cos/3  = 


1  + 


_ cos2(|)  sin29 _ 

cos2a(cos©  ~  tan  a  sin©  sin  (f) 


(20) 


Let  us  no w  turn  to  each  term  in  Eqn  (10).  ForV^ 
we  obtain:  — 

VG2  =  f-U2sin2e  •  (21) 

Let  us  next  examine  .  Solving  Eqn  (13)  for  r. 


\ 

\ 


\ 


we  find: 


,  r  .1*! 

- c  +<*  1  ^  aa  A  A  _ •!.  a  _  .'_  A  i 

,  O  Q  2  •  2 _  9_5  ,  o_  o  i,  .  CQ9  uki''«»w  -  IWIM  stnv  ainvi 

v=fu We*  ^Frsir^ecos2^  i  ♦ - - - ~ — —  + 

H  Ji  .  5. 

cos-^  strrw 

+  3UwRsin2©  cos0  sinCX  cos©sih0  ♦  cosOC  sin©  +  cot/3  cos©  cosCfj 
=  --U2sin2©  +  u>2R2sin20col0  ^os^cos©  -  tana  sin©  si n<5>]2J  ♦ 

♦3Uu>Rsin2©cos0  sina  cos©sin0  ♦  cosOC  sin©  + 

.  ^  cosoc  co»e cos$  [cos©  -  tana  sin©  sin<|A  1  , 
cos0  sine  i  )  J 


which  may  be  simplified  to: 


V2  =  |-U2sin2©  ♦  3UwR cosoc  sin©cos(J)  + 

♦u^R2  cos20  sin2© ♦  cos2oc cos2©  +  sin^oc sin^Gsin2^  - 

' 2  cosoc  sina  cos©  sin©  sin 0  j  t 

or,  finally: 

V2  =  iy2sin2©  +  3coRU  cosoc  sin©  cos  0  ♦ 

♦w2^!  -  sin20 si  n2©  ♦  sin2a  [  sin2©  si n20  -  cos2© )  -  ( -  5.) 

-  2  sina  cos  a  si  n  ©  cos©  si  n  0j  . 

o 

Thus,  we  have  expressed  V"  as  a  function  of  the  two  variables 

0  and  0  . 


'•  Determination  of  Lift  Force 

The  net  force  acting  on  a  small  area  dA  of  the 
sphere  (neglecting  the  viscous  forces)  is  given  by: 


r  _  ri  ^  _ j  a 

u  r  -  -  r  n  u  aa 


(26) 


where : 


P  =  pressure 

A 

H  =  outward  normal  unit  vector 
dA  =  increment  of  area. 

The  components  of  dP  in  the  x,  y,  and  z  directions 


are  then  given  by: 


dFx  =  dF-f  =  -PdA  rtf 
d  Fy  =  dF-J  =  -PdA  rtf 
d  Fz  =  dF-k  =  -PdA  n-k  . 


(27) 


The  unit  normal  vector  can  be  expressed  in  terms  of 
the  x'-y'-z'  system  as 

n  =  cos 6  j  *  sine  k  . 

But  j’  =  J  and  k'  =  sin  (j)  i  +  cos(j)  k. 

Therefore : 

n  =  sin0sin(j)t  +  cos©  J  *  sin  9  cos  (j)  k  .  (28) 


Thus  we  find: 

dFx  = 

d  Fy  = 

dFz  = 


-  p  dA  sin  0  sin(J> 

-  PdA  cos  0 

-  PdAsin  0  cos(J) 


In  terms  of  0  and  (j)  ,  we  may  write  dA  as: 


(29) 


dA  =(Rsined(|'XRd0)  =  R2sin0d0d(J)  . 
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f 

V. 


c 


dFx=  -  PR2  sir?©  sin0  d©d$ 

dFY=  -  PR2  sin©  cos©  d©d<()  (30) 

dFz=  -  PR2  sin2©cos<t>d©d0  • 

In  general,  reaj  flow  is  viscid  and  not  irrotational, 
and  strictly  speaking  Bernoulli's  equation  is  not  applicable. 
If  we  restrict  the  analysis  to  small  Reynolds  number  condi¬ 
tions,  the  flow  will  be  almost  irrotational  and  consequently, 
we  may  use  Bernoulli's  equation  as  an  approximation.  There¬ 
fore,  one  may  write: 

P  +  5PV2=  f=,*ipU8,  (31) 

or: 

-p  =  -a,* £(v*-u*>  . 

And  thus  Eqn  (30)  becomes: 

dFx=[ip(v2-u2)-f=D]R2sin2©  sin(|) d©d(j)  • 
dFv’[  U2)-  FL]R2sin©cos©d©d<l)  (32) 

dF2=[~jD(V2-U2)-  Ro]R2sin2©cos<l)d©d(j)  . 

*  f 

To  obtain  the  total  force'  acting  on  the  sphere  in 
each  direction,  we  must  integrate  Eqn  (32).  Examination  of 
Fig  1  gives  the  limits  of  integration  as: 

0  <  ©  <Tf 

0  <  <t  <  21T  . 
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n  nrl  hhra  r>A  fn  r>p 

2tt  ft 

Fx  =  f  f  [ip(  V*-  U2)  -  S,]R2siifesin<t>d9d<t> 

0*0  ©a  0 

2ft  ft 

Fy- j  /  [  |f  <  Vs  -  Ua )  -  P.] R2sin9  cosQdedtt)  (33 ) 

0*0  0*0 

2lf  ft  ' 

Fz=/  /  [2P(y2“  u2)  “  F>.]R2sin20cos<!>d0d(|>  . 

0*0  0*0 

Since 

2ft  ft  2ft 

f  sin(J>d(j)  =  jsin0cos0d0  =  T  cos(j)d<{)  =  0  , 

o  qj  q 

all  integrations  with  constant  multiplying  factors  become 
zero  and  thus: 


2ft  ft 

Fx=  f  f  2pv2R2sin20sin(|)d0d<& 
0*0  0*0 

2ir  ft 

Fv~  f  f  ^pV2R2 sin0cos0d0d0 
0*0  0*0 

2  ft  ft 

Fz~  f  f  if  V2R2sin20cos(|)d0d(|> 
0*0  0*0 


(34) 
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r  Tt-aiii.  kfifcsM  jw^a&^c 


If  one  substitutes  relation  (85)  for  Vs  into  these 
equation:.,  all  intoErals  vanish  except  one  in  the  Fz  equation 
liquation  (34)  then  becomes: 

F*  =  py  =  0  •  (35) 

rf 

Fz  =  (  i fiR23  u)RU  cos  oc  sin30  cos2(()  d  0  d(j) 

$*o  e«o  2 rr  ^ 


~  ffiR3^UcosocJ  jfsin30cos2(j)d©d(J) 
<ft*0  0»o 


=  -| - ptfuUcosoc  cos2(j)  d(J)  (sirred©  • 


These  integrals  may  be  evaluated  to  give: 

(co*»  d  (J)  ^sm30d©  = -lit  , 


and  thus: 


=2  ^pR3cjUcos  cx  • 

We  designate  P  as  the  lift  due  to 


L  =  2  n  p  R3U  cos  a  • 


rotation  and  write: 


Making  use  of  the  conventional  definition  of  lift  coefficient: 


C,  =  -i-=— 5  -  —■  L 

2pu2s  £pu2/rR2 


* 


III.  INDUCED  DRAG 


A.  Introduction 

The  classical  theory  of  lift  (Kutta-Joulcowoki  theory) 
states  that  lift  cannot  occur  unless  circulation  exists  about 
the  body.  Thus,  since  wo  have  found  that  lift  does  exist 
when  the  sphere  rotates,  the  rotating  sphere  has  a  vortex 
distribution  around  it.  Since  a  vortex  filament  cannot  end 
in  a  free  fluid,  the  vortex,  filaments  forming  the  circulation 
are  shed  and  carried  downstream  by  the  free  stream.  Thus,  we 
have  what  is  referred  to  as  a  vortex  sheet  extending  to 
infinity  behind  the  rotating  sphere.  This  infinite  number  of 
infinitesimal  vortex  filaments  is  depicted  graphically  in 
Pig  2. 

The  object  of  this  section  is  to  determine  analyti¬ 
cally  the  induced  angle  of  attack  die  to  this  vortex  sheet 
so  tha^  we  may  eventually  calculate  the  induced  drag  and 
drag  coefficient  in  a  manner  similar  to  the  classical  finite 
wing  theory. 

As  can  be  seen  from  Pig  5,  the  vortex  sheet  induces 
a  downward  velocity  which  in  turn  changes  the  direction  of 
the  relative  velocity  of  tne  air  near  the  sphere.  Since  the 
resultant  force  acts  perpendicular  to*  thi3  new  resultant 
velocity,  we,  so  to  speak,  tilt  the  resultant  force  vector 
backwards  through  an  angle  Ofj  and  consequently  obtain  a 
component  of  force  in  the  free  stream  direction  (which  repre¬ 
sent:-,  the  induced  drag). 


From  the  geometry  of  Fig  3,  we  see  that 


(40) 

(41) 

(42) 


where : 

w  =  local  downward  velocity 

U  =  free  stream  velocity 

dD^  =  induced  drag  for  the-  segment  of  the  sphere 
from  x  to  x  +  dx 

L*  =  lift  per  unit  span  <• 

One  therefore  recognizes  that  a  knowledge  of  the 
induced  velocity  is  sufficient  to  determine  the  induced  drag 
and  it  becomes  necessary  to  determine  the  induced  downwash 
velocity. 


Induced  Flow  Field  For  £  Simple  Vortex  Filament 


Consider  a  vortex  filament  as  shown  in  Fig  4.  The 


velocity  induced  at  point  P  by  the  section  of  the  filament 
denoted  by  dS  is  given  by  Biot-Savarts *  law  (Ref  2)  as: 

t 


dV= 


nds 

r3 


(43) 


I 

(  i 

FIG  4.  GEOMETRIC  REPRESENTATION  OF 
A  SINGLE  VORTEX  FILAMENT  OF 
STRENGTH  T  PER  UNIT  LENGTH. 


The  induced  velocity*  for  the  given  fluid,  rotational 
direction*  is  directed  into  the  paper.  This  equation  can  be 
generalized  for  the  case  where  we  are  concerned  with  & 
vortex  sheet  made  up  of  infinitely  many  of  the  above  described 
filaments.  We  shall  now  derive  an  expression  giving  the 
induced  velocity  at  any  point  P  (coordinates  -  \^Yo>z0)  as 
shown  in  Pig  5.  The  induced  velocity  at  P  due  to  the  entire 
filament  S-S‘  (where  S—~-co)  is  given  by  Biot-Savarts  law 
by  Integrating  dy  from  0  to  -  oo  .  Prom  Pig  5  we  see  that 


=V(x~xJ  + 


,2-2 


Also  we  find: 


f(x-Xof  +  (y  “V of  +  zf 


Substitution  of  these  relations  into  Eqn  (43)  and  letting 

f 

IS  =  dy*  we  obtain: 


dV  = 


r  ^X-Xo  f+  z\  1  dy 

4fr  [(x-xo)2+(y-yo)2+  Zo2]3/2 


To  determine  the  entire  contribution  at  P  due  to  the 
filament  S-S’*  we  integrate  over  y  and  obtain: 


v,vv  Tj  -  r  vtx-x.f*  zg  dy 
V(WA)  -J  [(x-x.f.(y-y0f^zf]3'2 


C 
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A.  THREE-DIMENSIONAL  VIEW  OF  A  VORTEX  SHEET 


B.  REAR  VIEW  OF  A  VORTEX  SHEET  AND  A  POINT  P 


FIG  5.  GEOMETRIC  REPRESENTATION  OF 
A  VORTEX  FILAMENT  AND  AN 
ARBITRARY  POINT  P. 


Remembering  that  the  strength  of  a  vertex  filament 
Is  constant  along  Its  length,  we  may  re-write  Eqn  (45)  as: 


v<x«z,;  =  ^(x-x.)2. 2.1 


[(x-x„)2  >(y-y •,?+  z2]3'2 


This  standard  integral  can  be  found  in  tables  and  we  obtain: 


V(XoyoZs) 


rV(x-x  0)2+Zo2  y-y0 


A1T  [(X“Xo)2+  Z02J 


_r _ i 

4fT^y_y 


y=-oo 


w^y<>+; 


v(x”y^  - 


_ y0 

"  V(x-Xo)2+y02+zi 


We  are  only  interested  in  the  downward  velocity 
W.  Prom  wig  5-B,  we  find  that  this  is  connected  with  V  by 
the  relation: 


w  =  V  cos  9  • 
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Also,  from  Pig  5-B,  we  find: 


( 


t 


COS©  = 


Xp-X 

V(X«-X)^  zf 


Combining  relations  (46)  through  (48)  we  find: 


(48) 


(49) 


To  obtain  the  total  effect  at  P  due  to  all  of  the 
filaments,  we  must  now  incegrate  relation  (49)  over  x. 
Therefore,  we  obtain: 


We  have  chosen  the  limits  as  shown  since  we  consider 

the  vortex  sheet  to  originate  along  a  diameter  2R  of  a  sphere. 

If  one  knows  the  circulation  distribution  P(x),  Eqn  (50) 

* 

can  be  integrated  to  give  the  total  downwash  at  P(x0,yQ, zQ) . 


C.  Determination  of  the  Circulation  Distribution 

From  the  Kutta-Joulcowski  theorem,  the  circulation 
and  lift  per  unit  span  are  related  by 


wiere:  L'  =  lift  per  unit  span. 
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(51) 


e 


( 


/ 

/ 


Thun,  it  in  seen  that  a  knowledge  of  the  lift  distri¬ 
bution  gives  the  circulation  distribution. 

To  obtain  the  lift  per  unit  span  distribution,  we 
refer  to  Pig  6.  We  shall  use  this  coordinate  system  and  trans¬ 
form  all  yarlables  into  x  and  1 1  „  The  force  acting  on  the 
increment  of  projected  area  perpendicular  to  r  is  given  by: 

dL  =  -  Psin  $  rdffdx  .  (52) 


The  lift  per  unit  span  is  then  given  by: 


dT=dfe)=dL'  =  -psin8’rd3'  , 


or: 


2f r 

L'=  f  Psinff  rdB1  , 

r«o 

Applying  Bernoulli  ’  s  Equation,  we  find: 

2  vf 

L'./ [s/>(V2-u2)-e,]sinirrdy  . 


When  integrating  over  P  ,  r  remains  constant. 
Thus  we  obtain: 

2lf 

L'=  ~  J  V2sin6‘d3‘. 

»»o 


(53) 


(54) 


( 
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Substituting  relations  (58)  into  (25),  we  find: 


V2*|u2[sirfy+(|)2c°s25']+3(/aRU  cosoc“^1-(|)2  sin^T  ♦ 
♦u>2R£jl  "(r)2+  sin8a(j|)2(l*cosaif)  -l]  -  (59) 

-  2  sin  a  cos  a -^1-  (|)2  *  j»cosffj. 

Substituting  relation  (59)  into  (5*0  gives: 


2  «r 

L*  *  Py?i2:£2  Jjf  $  i?[sin2ff  +(£)  cos2  dr]  ♦3u)RU  cos  a  ^sinffjsinffdff* 

8*0 
zn 

+Ju2R2  +  sin2a  [j|)2(1+cos?ff)-l]  -2sinacosa  ~]Jl  -  (I)2' cosffjsindfdy* 


All  integrals  become  zero  except  the  one  containing 


3u)RU  COSOt  yl  -  ~  2  sin  S'  and  thus : 


_  24 r 

L'«  J3WRU  cosa  1  -jSj2  sin2ff  dtf 


3  If  wR2U  cos  a  £1  -  (|)2  J 1?  > 
U  *  |^r  caR2 Up  cos  a  |l  -  j|)2  j  • 
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Tliii;:,  utJ  1.1  c/ing  relation  (fil),  wc  l*J nd : 


r  =-3.  /Tu)R2cos  oc 


(61) 


and 


dT 

dx 


-3  iru  x  cos  a 


(62) 


Substitution  of  Tiqn  (62)  into  (f'O)  yields: 


vv(X0y,  2c) 


[(X-XQ)2°%2+2?o],/2j 


dx. 


(63) 


In  the  original  formulation,  dT  was  positive. 
Therefore,  for  a  positive  element  dx,  we  want  to  obtain  a 
positive  dT  .  Thus,  we  must  introduce  a  negative  sign  In 
the  relation  for  SL  to  make  dT  positive  when  dx  is 
positive.  Tills  explains  the  negative  sign  preceding  the 
integral  in  Kqn  (63). 


To  integrate  this  equation,  we  let: 
f  =  X-Xo 

dx  =  d  £  . 


(64) 


The  limits  of  integration  become: 


-R  - 


x, 


I 
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R-xn 


and  we  obtain: 


The  following  standard  integrals  can  be  found  in  Integral 
tables : 
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w(Xc&z0)  =  -  j^cosa 


tan’1  — ==  -tan_1'i.|* 

20fJT^2TJ7 


zj  2 
R-Xo 


-y.ln(f*VP^zF)-f  m 


\/f2+yf*Zo  -Vo 

lvf*y?+z|'*y«j 


(66) 


-R-xc 


Using  the  identity: 


tari^x  -  tan'V  =  tan-1 


x-  y  | 
.1*xy/ 


» 


we  obtain: 


w(xoy0za)  =  --2.  wcosa  I 


f+Zotan1 


‘.(Vfg>yg^  ^  I 


1  +  Vf2*  y^*.2 


(67) 


x, 


In 


VP^zT+yo 

AfT^yFzf-yo 


(f^z2) 


-^!n(f  ^vF^zf  )  r 


R-xe 


-R-x0 


nfter  substituting  the  lirr.its  of  integration,  we  find: 


(See  next  page) 
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r 

V-( 


r 

r 

w(x0y0Zc)  =  -|-wccsa< 

2R+z0 

Mi 

tan-1 

L  \ 

Zo(R-Xo)  iy0~VR^xl»Vo -»-zl-2RXo  I 
ziVR^xS  zl  -2XoR  +y0(R-x0)2j 


+ 


tan-1 


Zo(R  *Xo)  (bfe-x/  R^xf +y£»zl  *2  x»  R*  1  | 
zfVR^+yl+zS  +  axoR'  ^  ( R^)2  / 


2  +2XoR  +yj 


VR^xl^z^axoR-yo  | 


vfo2+  xi  *y£*zf  -  2x0R“Vj 


f£x%  *zf-2XoR 


\F^-xf  +z|*2x0R  / 


♦%ln 


R  W^x2  »^»z§  »2RXo 


R  -  x0  +VR^  xf+y02  *  z|  -2RX0 


,(68) 


C 

We  will  be  mainly  interested  in  the  downwaSh  distri¬ 
bution  along  the  lifting  line  (i.e.,  along  a  diameter  In  the 
x  direction) ,  Along  this  lifting  line  (yQ  =0,  zq  =  0) 
we  have: 


w(Xo.QO)  =-|wcosor 


2R*-|sln 


R2*  x|-2RXo 
R2+  x?  *-2Px0, 


t 


or,  rewriting  this  in  terms  of  x  instead  of  xQ,  we  obtain: 


w(x,0,0)  =  -3-  u?  cos  OC  [  2  R  +  4 1  n  1-^*' 2x  R  j 
4  [  2  'r2<-x2+-2xR/J 


(69) 


c 
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or,  in  dimensionless  form: 


w(x,0 p)  _  3 

wRcosoc’  4 


(69a) 


Thi3  downwash  is  presented  in  Pig  7  as  a  function  of  x/R. 

We  now  wish  to  calculate  the  entire  induced  drag  due  to  this 
downwash  distribution.  Equation  (42)  presented  the  induced 
drag  of  a  segment  of  the  sphere  of  length  dx  as 

dDj  =  L'dx  .  (42) 

Utilizing  Eqn  (60)  for  L*  and  (69a)  for  w,  we  obtain: 


Letting  x/R  =  f  and  recognizing  that  dD^/d (x/R)  is  the 
Induced  drag  distribution  for  the  dimensionless  distance  ?  , 
we  obtain: 


D/  s  u)2R^>cps2oc[l  -  f2] 


g*  2lni-*fa  ~2f 

d  1  1  ♦  f 2  ♦  2  f 


(70) 


whe re : 


t  dDi 

Di  =  d  (x/R )  =  induced  dr“ag  for  dimensionless 

unit  span. 
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It  is  obvious  that  is  an  even  function  of  £  since: 


=|mJ2R4pcos2a[l-  fS]  2*'|'n  feprff-) 

/  _ 

=  §tru2R4pcos8«|i-f]  2t||n|-^|i-| 


=  D'(f>. 


Thus,  D1  (-£  )  =  D1  ( f )  and  therefore  ( f  )  is  an  even 
function  of  j  .  The  total  induced  drag  on  the  sphere  is 
given  by: 

Di  -f  D,;(f)df  • 

•ii 

Since  (^)  is  an  even  function,  this  can  be  written  as: 


Dj  =  2 .J  Di#(f)df 


We  also  recognize  that 


fa-2  ?  -1  =(1-f)2 
f*2f  »1  =  (Iff)2 


and  therefore: 


Di  =  |  ru2R 4p  cos%r(1  -f2)  2*| In  jiij 
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c 


or: 


o;  s^/To/!R4pcO£?a0‘f2)j^2*  .  (?2) 

.Substituting  Eqn  (72)  into  (71)  yields: 

r1  r 

Df  =B.frw2R4j3cos2cx  |(1-f2)  2  +  f  df  .  (73) 

“o 

It  only  remains  to  evaluate  the  Integral  in  relation 
(73)  to  obtain  the  total  induced  drag.  Denoting  this  integral 
by  I,  we  may  write: 

I  =j\  df 

=  2j\t-  f2)d  f.  [f(1-f2)|n(i^]d  f 

=-  2f  f  -  -3^]  *  r'(  f  -  f’)lnO  -  f  )df  -A  f-  f»)  in  Cl*  f )  d  f  . 

■’0  a)  "0 


If  wc  let  1 "  ^  ^  in  the  first  integral  and  1  +  f  -Tf 

in  the  second  integral,  we  obtain: 


a  r°  2 

I  =  3  “J(?3-3^2  +  2?)ln7?d7?  ij(^3-37J2  +  2^)ln7td?|  , 
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*Wf 


( 

V 


Thex-eiore,  we  nave: 

I  =  -  l  =  i 

1  3  3  » 

or: 


/< 


(1  -  f ) 


2  +  f  In 


df  =1 


(75) 


Therefore,  Eqn  (73)  becomes 


Dj  =  |prf i*>2R4p  cos2oc  . 

With  the  definition  of  C 

r  -  |/n'u)2R‘jpcos2oc 

|2wo2 


(76) 


4fUV  R2 


,  we  obtain 


LjoU^tTR' 


-  9 
“  2 


ojRcosor 


U 


However,  from  Eqn  (39),  we  have: 

coRcosa 


U 


Cl. 

4 


(77) 


Therefore,  we  find: 


Cn: 


Dr  §2 


Cl 


(78) 


It  is  Interesting  to  compare  this  relation  with  that  for  a 
conventional  airfoil  which  is: 

2 


rr  AR  e 


(79) 


( 
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where : 


aspect  ratio  of  airfoil. 


AR  = 


efficiency  factor. 


Using  this  form  for  Eqn  (78)  we  have 


TtAR  e 


-  32  , 


e  --  ~3-2- 
e  9/r  AR 


The  aspect  ratio  for  the  sphere  may  be-  expressed  as : 


AD  .  bf  .  (2R)2_  4 
^  ■  S  it  R2 


and  therefore: 


.  _32_ 

9f(A  "  9 


Thus,  the  span  efficiency  factor  for  the  sphere  is 
O.89.  This  factor  is  extremely  close  to  the  efficiency 
factor  cT  a  tapered  wing  which  has  a  tip  chord  equal  to 
zero.  From  Ref  3,  Fig  9^  and  Ear.  we  find  for  this 

•as-,  e  =  0.91?. 


IV.  SUMMARY  AND  DISCUSSION 


The  study  shows  that  the  lift  and  induced  drag  acting 
on  a  rotating  sphere,  for  relatively  small  angular  velocities 
(to  )  are  given  by: 

L  =  CL|p  U2/TR2 
Df=CDiipU2rR2'  » 

where : 


f  _  9_  r2 
32 

The  direction  of  the  lift  force  is  given  by  the 
direction  in  which  a  right  hand  thread  would  move  if  the 
free  stream  velocity  vector  were  rotated  into  the  angular 
velocity  vector  G  .  This  Is  illustrated  in  Pig  8. 

In  particular,  we  see  that  when  the  axis  of  rotation 
coincides  with  the  free  stream  velocity  (  0(-rf  or  oc=-ff), 
the  lift  and  induced  drag  become  zero. 

We  recall  that  the  lift  and  Induced  drag  distribution 


are  given  by: 


L 


i 

Axis  of  rotation  perpendiculer 
to  the  free  stream  velocity 
gives  a  net  lift  force  perpendi¬ 
cular  to  the  free  stream 
velocity. 


Axis  of  rotation  pertendicular 
to  the  free1  stream  velocity 
and  gust  gives  a  net  lift 
force  in  the  direction  of  the 
free  stream  velocity  and  gust 
velocity. 


—  no 
lift 
force 


.  Lq  is 

directed 
into  the 
paper 


Axis  of  rotation  parallel 
to  the  free  stream  velocity 
gives  no  lift  force. 


Axis  of  rotation  parallel  to 
the  free  stream  velocity  with 
a  gust  perpendicular  to  the 
axis  of  rotation  gives  a  net 
lift  force  perpendicular  to  the 
gust  and  free  stream  velocity. 


FIG  B.  SCHEMATIC  REPRESENTATION  OF  THE 
EFFECT  OF  ROTATION  ON  SPHERES 
EXPERIENCING  STEADY  FALL  OR  GUSTS. 


h'i 


To  rind  the  maximum  of  L>  and  D‘,  we  differentiate 
with  res port  to  x/K,  sot  the  results  equal  to  zero,  and  find 

i 

that  L'  and  attain  a  maximum  at  x/R  =  0.  Thus,  we  may 
wrl tc : 

l^max  =  f  fi'wR2UpcOSOC 

Df  max=  ^  ^  0)2  R4P  c°S2°f  , 
and,  consequently  we  may  write 


These  relations  are  presented  in  Fig  9. 
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ATTRACT 


Thir,  investigation  la  concerned  with  drag  changes 
associated  with  the  deformation  oi  an  originally  spherical 
balloon  descending  in  the  atmosphere.  Under  the  assumption 
that  the  original  sphere  deformed  Into  a  sphei wldal  shape  of 
the  same  surface  area,  wind  tunnel  drag  measurements  were 
made  on  two  spheroids  and  compared  with  the  drag  of  a  true 
sphere  over  a  range  of  Mach  and  Reynolds  numbers.  The  results 
show  an  appreciable  change  in  drag  coefficient  due  to  a  rela¬ 
tively  small  deviation  from  a  spherical  shape.  Furthermore, 
in  the  region  under  investigation  the  spheroid  drag  changes 
with  Mach  and  Reynolds  numbers  in  about  the  s^me  manner  as 
the  drag  of  the  sphere. 


li 


( 


TABLE  OF  CONTENTS 


Section  Page 

Ie  Introduction  . . 1 

II.  Test  Arrangement  and  Procedure  . . 2 

I 

III.  Results . 9 

IV.  Summary  . 14 

References . 15 


( 


( 


J II 


LiSt  Ok  kjlGukeS 


Figitf’e  Number  Page 

1.  Drag  Coefficient  of  a  Sphere  at  Various 

Reynolds  Numbers  .  ........  3 

2a,  Schematic  Diagram  of  Spheroid  Models  .....  4 

2b.  Photograph  of  Models  .  5 

3a.  Drag  Balance  with  Models . .  6 

3b.  Balance  and  Model  Mounted  in  Test  Section  .  .  6 

4.  Schematic  Diagram  of  Drag  Balance  .  7 

5.  Ratio  o4’  Drag  Coefficients  of  Oblate  and 
Prolate.  Spheroids  to  that  of  a  Sphere 

(Cp  Based  on  Total  Surface  Area)  .  10 

6a.  Drag  Coefficients  of  a  sphere  and  Spheroids 

Versus  Reynolds  Number  at  M  =  0.39  •  •  •  •  •  H 

6b.  Drag  Coefficients  of  a  Sphere  and  Spheroids 

Versus  Reynolds  Number  at  M  =  0.683  ....  12 

(  6c.  Drag  Coefficients  of  a  Sphere  and  Spheroids 

Versus  Reynolds  Number  at  M  =  0.90 . 13 


LIST  OF  SYMBOLS 


A  =  Projected  area 

CD  =  Drag  coefficient  of  an  oblate  spheroid 

o 

CD  =  Drag  coefficient  of  a  prolate  spheroid 
P 

0^  =  Drag  coefficient  of  a  sphere 

s 

d  «  Diameter  of  the  spheroid's  largest  circular 

cross  section 

L  =  Length  along  the  spheroid  axis  of  revolution; 

axis  orientated  in  the  flow  direction 

S  =  Total  surface  area 
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I .  INTRODUCTION 


In  order  to  determine  by  means  of  a  descending 
spherical  balloon  the  air  densities  at  high  altitudes,  the 
drag  coefficients  for  a  sphere  under  the  related  Mach  and 
Reynolds  numbers  have  been  determined  in  Ref  1.  A  summary 
of  the  results  of  these  studies  are  presented  in  Pig  1. 

If  the  balloon  deviates  from  the  spherical  form, 
its  drag  coefficients  may  differ  considerably  from  those 
determined  for  the  perfect  sphere.  If  .this  deviation  is  not 
properly  considered,  it  leads  to  faulty  information  concern¬ 
ing  the  atmospheric  density  derived  in  these  experiments. 

In  order  to  determine  the  magnitude  of  this  possible  discre¬ 
pancy,  the  drag  coefficients  of  two  spheroids  have  been 
measured  and  compared  with  those  of  a  perfect  sphere  under 
the  same  aerodynamic  conditions. 

In  reference  to  this  investigation,  the  authors 
wish  to  express  their  appreciation  to  Mr.  Richard  Strom, 

Mr.  Robert  Noreen,  and  Mr.  Keith  Goar  who  have  contributed 
greatly  to  its  success. 


TT .  TEST  ARRANGEMENT  AND  PROCEDURE 

As  a  basis  for  this  investigation,  it  was  assumed 
that  the  deformed  balloon  takes  on  the  shape  of  a  spheroid 
which  has  the  same  surface  area  as  the  original  sphere. 

Three  models,  an  oblate  spheroid,  a  prolate  spheroid 
and  a  related  true  sphere,  were  tested  at  Mach  numbers  of  0.39 
0.685,  and  0.90  throughout  the  range  of  Reynolds  numbers 
corresponding  to  the  ROBIN  sphere  test3,  illustrated  in 
Pig  1. 

( 

The  oblate  spheroid  has  a  length  over  diameter  (L/d) 
ratio  of  0.9'  while  the  prolate  spheroid  is  characterized  by 
an  L/d  =  1.11.  Both  models  and  their  orientation  to  the  flow 
are  shown  in  Pig  2.  The  surface  area  of  the  three  models  is 

p 

S  =  1.767  in  .  For  the  spheroids  the  axis  of  revolution 
was  orientated  parallel  to  the  flow  direction  so  that  the 
spheroid  models  would  have  their  circular  cross  section 
normal  to, the  flow  direction.  Figure  3  (a  &  b)  shows  how 
models  were  mounted  in  the  wind  tunnel. 

In  the  ROBIN  sphere  studies  (Ref  l)  the  drag  was 
derived  from  tnc  deflection  of  a  simple  pendulum  under  the 
effect  of  the  aerodynamic  force.  But  in  the  case  of  spheroids 
where  the  model  axes  must  be  oriented  to  the  flow,  the 
following  balance  system  was  used. 

The  model  was  sting  mounted  and  supported  by  a 
balance  strut.  This  strut  transmits  the  drag  force  to  a  ' 
cantilever  upon  which  strain  gages  were  attached  (Pig  4) 
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FIG  1  *  DRAG  COEFFICIENT  OF  A  SPHERE  AT  VARIOUS  REYNOLDS  NUMBERS 
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OBLATE  SPHERE 

SPHEROID 

L  =  0.90  I.  =  1.00 

cf  d 


FIG  2«.  PHOTOGRA1H  OF  WIND  TUNNEL 
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PROLATE 

SPHEROID 

L  -  1.11 
1 


MODELS 
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OBLATE  SPHEROID 


L/d  =  0.90  S  *1.767  In*  A*0  473in 


L/d  =  1.11  S=  1.767  in2  A= 0.411  in* 


FIG  2b.  SCHEMATIC  DIAGRAM  OF 
SPHEROID  MODELS 
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TEST  SECTION 


FIG  4.  SCHEMATIC  DIAGRAM  OF  DRAG 
BALANCE 


The  output  from  these  strain  gages  was  electrically  amplified 


and  fed  to  a  recording  oscillograph. 


To  account  for  the  drag  and  interference  of  the 
model  support,  a  spherical  model  used  in  the  previous  experi¬ 
ments  was  placed  on  the  balance,  and  the  drag  of  the  entire 
system  was  measured.  The  difference  between  this  drag, 
including  the  effect  of  the  sting  and  the  strut,  and  the 
drag  of  the  sphere  alone,  obtained  from  Ref  1,  is  the  inter¬ 
ference  drag  and  the  drag  of  the  support. 

As  validation  for  this  method  of  drag  determination. 


the  following  experiment  was  made.  The  sphere  was  placed  in 
the  flow  at  its  proper  location,  but  not  connected  to  the 
balance.  Then  the  balance  system  was  moved  to  its  proper 


position,  but  the  sting  did  not  touch  the  model.  Under 
these  conditions  the  drag  of  the  balance  system  was  measured. 
The  s,  1m  of  the  known  drag  of  the  sphere  (Ref  l)  and 
the  drag  of  the  balance  system  measured  as  described  above 


amounts  to  a  total  drag  practically  identical  to  the  one 
which  was  measured  in  total  by  the  balance  with  the  rigidly 
connected  sphere  (Pigs  3  and  4).  Therefore,  this  check  can 
be  considered  as  proof  of  the  validity  of  the  results  pre¬ 
sented  in  the  following  chapter. 


III.  RESULTS 


t 


The  results  of  the  experiments  indicate  an  appreci¬ 
able  difference  between  the  drag  of  a  sphere  and  that  of  the 
particular  spheroids  under  study. 

In  Pig  5  the  ratio  of  the  drag  coefficients  of  the 
spheroids  to  the  drag  coefficient  of  a  sphere  is  shown  as  a 
function  of  Reynolds  number  for  the  three  Mach  numbers  used. 
Both  coefficients  are  based  on  surface  area.  Prom  the  re¬ 
sults  the  follov;ing  general  conclusions  can  be  drawn: 

1)  The  oblate  spheroid  has  approximately  20 %  more 
drag  than  the  sphere.  This  can  be  understood  in  view  of  the 
fact  that  under  similar  a *rc dynamic  conditions  the  oblate 
spheroid  presents  a  larger  frontal  area  to  the  flow  than  does 
a  sphere  with  tie-,  same  total  surface  area. 

2)  The  prolate  spheroid  has  approximately  8%  less 
drag  than  the  sphere.  Again  this  may  be  considered  to  be 
primarily  a  consequence  of  a  difference  in  frontal  area. 

3)  In  general,  the  drag  coefficients  of  the  spher¬ 
oids  vary  with  the  Ma '■•'!.  and  Reynolds  numbers  in  approximately 
the  sane  manner  as  the  drag  coefficient  of  the  sphere.  There¬ 
fore,  one  may  state  that  for  small  deviations,  the  drag  of  the 


spheroids  related  to  that  of  the  sphere  Is  almost  independent 
of  R-ynolds  and  Ma  -h  number.  For  more  5.0 -urate  consideration, 


:y,e  may  u so  the  parti -ular  velume  shown  in  Figs  5  and  6a 


£  O  O  :  • 
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aagwRN  scnoNAaa 


4  5  6  7  8  9  103  "  2x1C)4  1 

REYNOLDS  NUMBER 

FIG  6c.  DRAG  COEFFICIENTS  CF  A  SPHERE  AND  SPHEROIDS 
VERSUS  REYNOLDS)  NUMBER  AT  M  =  0.90 

(BASED  ON  TOTAL  SURFACE  AREA) 


TV.  SUMMARY 


The  drag  of  two  spheroids  having  small  deviations 
from  a  spherical  shape  was  measured  with  a  sensitive  strain 
gage  balance  at  three  subsonic  Mach  numbers  over  the  Reynolds 
number  range  between  Re  =  900  to  Re  =  7000.  The  drag 
coefficient  subsequently  obtained  was  compared  with  that  of 
a  sphere  measured  at  the  same  aerodynamic  conditions.  The 
results  showed  that  the  drag  coefficient  changes  significantly 
with  the  deformation.  The  Mach  and  Reynolds  number  effects 
upon  the  spheroids  in  the  range  under  investigation  seem  to 
be  the  same  as  upon  the  sphere. 
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,  RADAR  TAS6ST,  METSOSOL&SlCAl*  (ALT, ) 


1.  SCOPE 

1.1  Scope .  -  This  specification  covers  one  type  of  Balloon, 
Radar  Target,  Meteorological  ML-568/AM  (alternate  design)  suitable 
f"c  ejection  from  a  rocket  nose  cone  At  heights  above  200,000  feet 
mean  sea  level.  The  balloon  is  inflated  after  ejection.  While 

in  descent,  it  is  tracked  by  radar  to  determine  wind  velocity  and 
air  density. 

2.  APPLICABLE  DOCUMENTS 

2.1  The  following  documents  form  a  part  of  this  specification 
to  the  extc  t  specified  herein.  Unless  otherwise  indicated,  the 
issue  in  effect  on  the  date  of  invitation  for  bic.1  shall  apply. 

SPECIFICATION 


Military 

MIL-T-9107 

MIL-F-14072 

MIL-D-70327 

MIL-STD.  105C 


Other 

'  A3TM  D882-56T 


DRAWINGS 

G.  T.  Schjeldahl  Company 

D  1001501  B 
C  1001S13  B 
C  1000009 
A  1000291 
B  1001549 
B  1001514 
B  1001515  A 
B  1001516  B 
B  1001511  A 
B  1001510  P 
C  1001375  A 
B  1001374  A 
B  1001377  B 
B  1001378  A 
B  1001379  B 
B  100137S  C 
B  1001500  A 
A  1001502  A 


Test  Reports,  Preparation  of 
Finishes  for  Ground  Signal  Equipment 
Drawings,  Engineering  and  Associated 
Lists 

Sampling  Procedures  and  Tables  for 
Inspection  by  Attributes 


Teens  for  Tenaiis  Properties  of  Thin 
Plastic  Sheets 


ARCAS  ROBIN  packing 

1  Meter  Maaeter  Sphere  Assembly 

Sphere  Gore  Calculations 

Butt  Joint 

Adhesive  Ring 

North  Polar  Cap 

South  Poiar  Cap 

Tape  Ring 

Seal 

Tab  South  Polar  Cap 

Cylindrical  Inflation  Capsule  Aasemblv 

Cep  Inflation  Capsule. 

Rear  Inflation  Capsule 
Forward  Inflation  Capsule 
Stopper  Inflation  Capsule 
Pillow  Inflation  Capsule 
Pillow 
Poly  Wrap 


A  1P01S03  A 

*  *  i  £  mt  A 

f%  IVWw  n 


Cover  /fheet 
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(Copies  of  documents  required  by  contractor^'  ir«  connection  with 
specific  procurement  functions  should  be  ol^ined  from  the  procuring 
activity  or  as  directed  by  the  contracting  officer,) 


3.  REQUIREMENTS 

3.1  Parts.  -  Balloon,  Radar  Target,  Meteorological  ML-568/AM 
(alternate  design)  shall  consist  jf  the  following  paroo,* 


Item 

No.  Quantity 

1  1  each 

2  1  each 

3,2  Materials 


Description 


See 

Requirement 


Balloon  (3.3.1) 

Inflation  Capsule  (3,3,3) 


3.2.1  Fungus-proof  materials.  -  Materials  that  are  nutrients  for 
fungi  shall  not  be  used  where  it  is  practical  to  avoid  them.  Where 
used  and  not  hermetically  sealed,  they  shall  be  treated  with  a  fungi¬ 
cidal  agent  acceptable  to  the  procuring  activl  .  However,  if  they 
will  be  used  in  a  hermetically  sealed  enelosurt  fungicidal  treatment 
will  not  be  necessary. 


3.2.2  Metals.  -  Metals  shall  be  of  the  corrosion-resistant  type, 
or  suitably  treated  to  resist  corrosion  due  to  fuels,  salt  spray,  or 
atmospheric  conditions  likely  to  be  met  in  storage  or  normal  service. 

3. 2. 2.1  Dissimilar  Metels.  -  Unless  suitably  protected  against 
electrolytic  corrosion,  dissimilar  metals  shall  not  be  used  in  Intimate 
contact  with  each  other.  Dissimilar  metals  are  defined  in  MIL-F-14072. 

3.3  Design  and  conduction 


3,3.1  Balloon 


3. 3. 1.1  Material.  -  The  balloon  shall  be  fabricated  of  E,  I. 
duPont  de  Nemours  Company  Type  A  Mylar,  or  equal.  This  material  shall 
in  addition  be  metalized  (aluminum  vacuum  deposited)  on  one  side  to  a 
maximum  resistivi^v  of  5  ohms  per  square. 

3.3.1  2  Shape.  -  m«  *  ’loon  shall  be  a  one  meter  (plus  or  minus 
0.5  cm)  diameter  sphere  at  t  .perpressures  b»deen  2  and  10  millibars. 

3.3  1.3  ~es.  -  The  balloon  shall  conc*<>c  of  20  identical  gores. 
The  gores  shaiJ  oe  cut  such  that  the  balloon  conforms  to  the  shape 
specified  in  3. 3. 1.2  (rawing  ..umber  C 

3.3. 1.4  Seams  -  Thu  seams  shall  be  constructed  per  drawing 
number  A  10000291.  qea  shall  V  continuous  ’Tit.:  no  visible  air 
enclosures,  neither  drawn  nor  puckered.  Tensile  strength  of  the 
seams  shall  be  at  least  equal  to  the  tensile  strength  of  the  gore 
material  over  the  operational  temperature  range. 


3, 3.1, 5  End  caps.  -  the  helicon  be  tanainaSad  at  bcth 

nnlas  In  Ai.rf -ftnoA .  P_hrlea£ion  and  installation  of  the  end  CaOS 


shsil  5#  in  -accordance  with  drawing  number  C  1001523  -B, 

3,3 .2  Inflation  capsule 

3. 3. 2.1  Capsule.  -  The  inflation  capsule  parts  shall  be 
constructed  in  accordance  with  drawing  numbers  B  3001374  A, 

B  1001377  B,  and  B  1001378  A. 

3. 3.2. 2  Pillow,  -  A  pillow  shall  be  provided  in  accordance  with 
drawing  number  B  1001376  C. 

3. 3.2. 3  Rubber  hole  stopper,  -  A  stopper  shall  be  provided  in 
accordance  with  drawing  number  B  1001379  B. 

3. 3.2.4  Isopentane.  -  The  inflation  media  provided  shall  be  iso- 
pentane  of  99  molecular  percent  minimum  purity. 

3. 3.2. 5  Assembly  of  inflation  capsule.  -  The  Inflation  capsule 

shall  be  filled  and  assembled  in  accordance  with  drawing  number  C  1001375  A. 

3.3.3  System  Assembly  -  The  inflation  capsule  (drawing  number 
C  1001375  3.)  is  inserted  in  Lai loon  assembly  (drawing  number  C  1001513  B) 
through  slit  in  gore  seal  near  polar  cap.  Slit  is  then  resealed 
with  tape  specified  for  gore  seal  (drawing  number  A  1000291), 

3.3. 3.1  System  Weight.  -  The  assembly  (Balloon,  Radar  Target, 
Meteorological  KL-5 68/AM  (Alternate  Design)  shall  weigh  not  more  than 
100  grams. 

3.4  Packing  in  nose  cone,  -  The  finished  balloon  shall  Jbe 
packed  in  the  nose  section  (3,5)  in  accordance  with  drawing  number 
D  1001501  B. 

3.5  Government-Furnished  property,  -  When  the  contract  or 
purchase  order  so  provides,  the  Government  will  furnish  the  following 
to  the  contractor  for  use  in  packing  the  Balloon,  Radar  Target, 

Meteorological  ML-568/AM  (Alternate  Design). 


Juantitj 


Description 

Nose  Section,  Rocket  EX4-M0D  0, 


3,6  Workmanship,  -  The  balloon,  including  all  parts  and 
accessories,  shall  be  fabricated  and  finished  in  a  thoroughly  workman¬ 
like  manner.  Particular  attention  shall  be  given  to  assure  the  quality 
of  seals,  accuracy  of  dimensions,  and  weight. 

4.  QUALITY  ASSURANCE  PROVISIONS 

4.1  Unless  otherwise  specified  herein,  the  supplier  is  responsible 
for  the  performance  of  all  inspection  requirements  prior  to  submission  for 
Government  inspection  and  acceptance.  Except  as  otherwise  specified,  the 
supplier  may  utilize  his  own  facilities  or  any  commercial  laboratory 


c 


acceptable  to  the  \y6Vc?ntagiiv ,  Inspection  *»"«»*<>«  of  th§  a y aginations  and’, 
tests  shall  be  kept  complete  .and  available  to  the  Government  aa  speei- 
fled  in  the  contract  or  order,. 

4.2  Classification  of  testa.  -  Teats  shall  be  classified  aa 
preproduction  (first  article)  tests  and  production  tests. 

4.2.1  Preproduction  Tests,.  -  To  be  considered  as  at'  optional 
xequirement.  Will  not  be  included  in  standard  procurements  unless 
specifically  requested  by  the  procuring  agency.. 

4. 2. 1.1  Seal  Test.  -  Seals  to  be  inspected  for  compliance  with 

3. 3. 1.4  Representative  seals  to  be  tested  In  accordance  with  ASIM  Test 
Standard  D882-56T  to  demonstrate  contractor's  ability  to  produce  seals 
with  strength  equal  to  parent  material..  The  number  of  samples  and  envir¬ 
onmental  conditions  of  testing  to  be  specified  by  the  procuring  agency. 

4.2.2  Production  Tests.  -  Ho  Balloon,  Radar  Target,  Meteorological 
ML-568/Am  (Alternate  Design)  shall  be  accepted  until  all  appropriate 
test  requirements  have  been  satisfied. 

4. 2. 2.1  Test  .Facilities.  -  The  tests  shall  be  performed  at  hhe 
contractor 's  plant  or  a  commercial  .testing  laboratory  approved  by 
the  procuring  agency. 

4. 2.2. 2  Production  sampling  plan  shall  be  established  per 
MIL- STD-1 05  as  specified  by  procuring  agency. 

4. 2. 2. 3  Balloon 

4.2.2. 3.1  Material.’  -  .All  balloon  materials  shall  conform  to 
3. 3. 1,1. 

4. 2.2 .3.2  Seals.  —  :Shall  he  inspected  per  Item  3,3 .1,4, 

4, 2. 2 .3,2  End  caps  -  .Shall  .be  inspected  to  conformance 
with  Item  3.3.1 .5. 

4. 2. 2. 4  Balloon.  -  JEyery  balloon  procured  under  .this  military 
specification  shall  be  subjected  to  the  following  tests  and  results  there¬ 
of  submitted  with  the  completed  assembly  per  Item  5.2. 

4. 2. 2. 4.1  Balloon  is  inflated  and  diameter  measured  through 
three  approximately  mutually  perpendicular  axes  per  Item  3. 3,1,2, 

4. 2. 2. 4. 2  Pressure  Test.  -  Balloon  shall  be  inflated  to  10 
millibars  of  superpressure.  .After  30  minutes,  inspection  shall 
ascertain  that  no  more  than  0.5  mb  of  pressure  loss  has  occured. 

4. 2. 5. 4. 3  During  pressure  test,  assembly  will  be  visually 
inspected  to  insure  compliance  with  Item  3.6. 
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requirements  called  out  on  pertinent  drawings. 
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4. 2. 2. 5. 2  All  capsules  shall  be  completely  assembled  per 
drawing  number  C  1001375  A  without  isopentane.  Place  each  capsule 
in  a  vacuum  chamber  and  reduce  pressure  to  300  millibars.  Those 
capsules  from  which  the  cover  has  been  ejected  at  greater  pressures 
are  rejected.  Chamber  pressure  is  further  reduced  to  50  millibars. 
Those  capsules  which  have  not  opened  before  reaching  this  pressure 
are  also  rejected. 

4. 2. 2. 5. 3  All  capsules  accepted  per  4.2.2, 6.2  are 
reassembled  per  drawing  number  C  1001375  A.  The  filled  capsule 
shall  be  weighed  to  the  nearest  thousandth  of  a  gram.  The 
capsule  shall  then  be  stored  at  a  temperature  of  not  more  than 
-40°  C  for  a  period  of  not  less  than  two  hours.  Remove  capsule 
from  low  temperature  environment  and  store  at  room  temperature 
for  not  less  than  one  hour.  Then  expose  capsule  to  a  temperature 
of  not  less  than  +50°  C  for  not  less  than  two  hours.  Thereafter 
store  capsule  for  not  less  than  24  hours  at  room  temperature.  The 
maximum  allowable  weight  loss  at  the  end  of  this  period  shall  be 
0.005  gram. 


4, 2. 2. 6  System  Assembly.  -  Shall  be  inspected  for  conformance 
with  Item  3.3.3. 


5. 2. 2. 6.1  Each  system  assembly  shall  be  weighed  per  Item  3. 3. 3.1 
and  the  weight  recorded  on  data  sheet  included  with  each  assembly 
per  Item  5.2. 


4. 2. 2. 7  Nosecone  packing.  -  Inspection  shall  assure  that  packing 
conforms  to  drawing  number  0  1001501  B. 

5.  PREPARATION  FOR  DELIVERY 

5.1  Preservation,  packaging,  packing  and  marking.  -  Preservation, 
packaging,  packing  and  marking  for  delivery  shall  be  as  specified 

by  the  procuring  activity. 

5.2  Data  sheet.  -  A  data  sheet  shall  be  packed  in  each  nose 
section  shipping  container.  The  data  sheet  shall  have  at  least 
the  following  information: 

a.  Contract  number 

b.  Serial  number  of  balloon 

c.  Weight  of  balloon  (grams) 

d.  Date  of  packing  (3.4) 

5.2.1  Data  sheet  shall  be  duplication  of  Exhibit  "A"  attached. 


6 .  NOTES 


6.1  Intended  use.  -  The  Balloon,  Radar  Target,  Meteorological 
j-568/AM  (Alternate  Design)  is  intended  for  use  in  obtaining  wind  and 
.'.sity  data  above  those  altitudes  which  can  be  reached  by  buoyant 

balloons . 

6.2  Ordering  data.  -  Drocurement  documents  should  specify  the 
following: 

a.  Title,  number,  and  data  of  this  specification 

b.  Desirability  to  perform  preproduction  tests  (4.2.1) 

c.  Government-furnished  property  (3.5) 

d.  Levels  of  preservation,  packaging,  packing  and 
marking  for  delivery 

e.  Availability  of  inspection  records  (4.1) 


NOTICE:  When  Government  drawings,  specifications,  or  other  data 
are  used  for  any  purpose  other  than  in  connection  with  a  definitely 
related  Government  procurement  operation,  the  United  States  Government 
thereby  incurs  no  responsibility  nor  any  obligation  whatsoever; 
and  the  fact  that  the  Government  may  have  formulated,  furnished,  or 
in  any  way  supplied  the  said  drawings,  specification,  or  other 
data  is  not  to  be  regarded  by  implication  or  otherwise  as  in  any 
manner  licensing  the  holder  or  any  other  person  or  corporation, 
or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell 
any  patented  invention  that  may  in  any  way  be  related  thereto. 
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Air  Force  -  ARDC 


MIL-B-27373(USAF) 

SUGGESTED  REVISION  TO  24  February  1961 


MILITARY  SPECIFICATION 

BALLOON ,  RADAR  TARGET,  METEOROLOGICAL  ML-568/AM 


1 .  SCOPE 

1.1  Scope.  -  This  specification  covers  one  type  of  Balloon, 

Radar  Target,  Meteorological  ML-568/AM  suitable  for  ejection  from 
a  rocket  nose  cone  at  heights  above  200,000  feet  mean  sea  level. 

The  balloon  is  inflated  after  ejection.  While  in  descent,  it  is 
tracked  by  radar  to  determine  wind  velocity  and  air  density. 

2 .  APPLICABLE  DOCUMENTS 

2.1  The  following  documents  form  a  part  of  this  specification 
to  the  extent  specified  herein.  Unless  otherwise  indicated,  the 
issue  in  effect  on  the  date  of  invitation  for  bids  shall  apply. 

SPECIFICATION 

Military 

MIL-T-9107  Test  Reports,  Preparation  of 

MIL-F-14072  Finishes  for  Ground  Signal  Equipment 
MIL-D-70327  Drawings,  Engineering  and  Associated  Lists 
MIL-STD-105C  Sampling  Procedures  and  Tables  for  Inspection 
by  Attributes 

Other 

ASTM  D882-56T  Tests  for  Tensile  Properties  of  Thin  Plastic 
Sheets 

DRAWINGS 

G.  T.  Schjeldahl  Company 

D  1001501  B  ARCAS  ROBIN  Packing 

C  1001532  B  Balloon  Reflector  Assembly 

B  1001547  A  Reflector  Sub  Assembly 

B  1001545  B  Siv  Point  Reflector 

A  1001548  B  Corner  Reflection  Spring 

B  1001533  Reinforcement  Patch 

B  1001546  Hold  Tab 

C  1001530  E  1  Meter  Diameter  Sphere  Assembly 
C  1000009  Sphere  Gore  Calculations 

A  1000291  Butt  Joint 

B  1001549  Adhesive  R'ng 

B  1001779  A  North  Polar  Cap 

B  1001750  A  South  Polar  Cap 


B  1001516  B 
B  1001511  A 
B  1001510  B 
C  1001375  A 
B  1001374  A 
B  1001377  B 
B  1001378  A 
B  1001379  B 
B  1001376  C 
B  1001500  A 
A  1001502  A 
A  1001503  A 
A  1001504  A 


tape  Ring 
Seal 

Tab  South  Polar  Cap 

Cylindrical  Inflation  Capsule  Assembly 

Cap  Inflation  Capsule 

Rear  Inflation  Capsule 

Forward  Inflation  Capsule 

Stopper  Inflation  Capsule 

Pillow  Inflation  Capsule 

Pillow 

Poly  Wrap 

Cover  Sheet 

Balloon  Ejection  Sheet 


(Copies  of  documents  required  by  contractors  in  connection  with 
specific  procurement  functions  should  be  obtained  from  the 
producing  activity  or  as  directed  by  the  contracting  officer.) 


3.  REQUIREMENTS 

3.1  Parts.  -  Balloon,  Radar  Target,  Meteorological  ML-568/AM 
shall  consist  of  the  following  parts: 


Item 

No. 

Quantity 

Description 

See 

Requirement 

1 

1  each 

Balloon 

(3.3.1) 

2 

1  each 

Corner  Reflector 

(3.3.2) 

3 

1  each 

Inflation  Capsule 

(3.3.3) 

3.2  Materials 


3.2.1  Fungus-proof  materials.  -  Materials  that  are  nutrients 
for  fungi  shall  not  be  used  where  it  is  practical  to  avoid  them. 

Where  used  and  not  hermetically  sealed,  they  shall  be  treated  with 
a  fungicidal  agent  acceptable  to  the  procuring  activity.  However, 
if  they  will  be  used  in  a  hermetically  sealed  enclosure,  fungicidal 
treatment  will  not  be  necessary. 

3.2.2  Metals.  -  Metals  shall  be  of  the  corrosion-resistant  type, 
or  suitably  treated  to  resist  corrosion  due  to  fuels,  salt  spray,  or 
atmospheric  conditions  likely  to  be  met  in  storage  or  normal  service. 

3. 2. 2.1  Dissimilar  metals.  -  Unless  suitably  protected  against 
electrolytic  corrosion,  dissimilar  metals  shall  not  be  used  in  intimate 
contact  with  each  other.  Dissimilar  metals  are  defined  in  MIL-F- 14072. 


3.3  Design  and  construction 


3.3.1  Balloon 


3. 3. 1.1  Material!  -  The  balloon  shall  be  fabricated  of  E.  I. 


duPont  de  Nemours  Comj 


'any  Type  A  Mylar,  or  equal. 


3. 3. 1.2  Sh?pe 


The  balloon  shall  be  a  one  meter  (plus  or 


minu3  0.5  cm)  diameter  sphere  at  superpressures  between  2  and  10  millibars. 

(It  is  acknowledged  that  some  local  deformation  occurs  at  corner  reflector 
attachment  points  under  1G  conditions  at  lower  superpressures.) 

3. 3. 1.3  Gores.  -  The  balloon  shall  consist  of  20  identical  gores. 

The  gores  shall  be  cut  such  that  the  balloon  conforms  to  the  shape 
specified  in  3. 3. 1.2.  (Drawing  number  C  1000009). 

3. 3. 1.4  Seams.  -  The  seams  shall  be  constructed  per  drawing 
number  A  1000291.  Seals  shall  be  continuous  with  no  visible  air 
enclosures,  neither  drawn  nor  puckered.  Tensile  strength  of  the 
seams  shall  be  at  least  equal  to  the  tensile  strength  of  the  gore 
material  over  the  operational  temperature  range. 

3. 3. 1.5  End  caps.  -  The  balloon  shall  be  terminated  at  both 
poles  in  end  caps.  Fabrication  and  installation  of  the  end  caps 
shall  be  in  accordance  with  drawing  number  C  1001530  E. 

3.3.1.A  Spring  attachment.  -  Shall  be  made  according  to  drawing 
number  C  1001532  B 

3.3.2  Corner  Reflector 

3. 3. 2.1  Material.  -  The  corner  reflector  shall  be  fabricated 
of  0.00025-inch  thick  type  C  Mylar,  aluminized  both  sides,  maximum 
resistivity  1.0  ohm  per  square  per  aide. 

3. 3. 2. 2  Fabrication.  -  Tht  corner  reflector  shall  be  fabricated 
in  accordance  with  drawing  number  B  1001547  A. 

3. 3. 2. 3  Suspension  springs  shall  be  in  accordance  with  drawing 
number  A  1001548  B. 

3. 3. 2.4  Spring  Attachment.  -  The  springs  (3. 3. 2. 3/  shall  be 
attached  to  the  reflector  in  accordance  with  drawing  number  B  1001547  A. 

3. 3. 2. 5  Reflector-balloon  assembly.  -  The  corner  reflector 

(3.3.2)  shall  be  attached  to  the  inside  surface  of  the  balloon 

(3.3.1)  in  accordance  with  drawing  number  C  1001532  B. 

3.3.3  Inflation  capsule 

3. 3. 3.1  Capsule.  -  The  inflation  capsule  parts  shall  be  constructed 
in  accordance  with  drawing  numbers  B  1001374  A,  B  1001377  B,  and 
B  1001378  A. 


3. 3. 3. 2  Pillow.  -  A  pillow  shall  be  provided  in  accordance  with 
drawing  number  B  1001376  C. 

3. 3. 3. 3  Rubber  hole  stopper.  -  A  stopper  shall  be  provided  in 
accordance  with  drawing  number  B  1001379  B. 


3. 3.3. 4  Isopentane.  -  The  Inflation  media  provided  shall  be 
isopentane  of  95  molecular  percent  minimum  purity. 

3. 3. 3. 5  Assembly  of  inflation  capsule.  -  The  inflation  capsule 

shall  be  filled  and  assembled  in  accordance  with  drawing  number  C  1001375  A. 

3.3.4  System  Assembly.  -  The  inflation  capsule  (drawing  number 

C  1001375  A)  is  inserted  in  balloon  assembly  (drawing  number  C  1001532  B) 
through  slit  in  gore  seal  near  polar  cap.  Slit  is  then  resealed 
with  tape  specified  for  gore  seal(drawing  number  A  1000291). 

3. 3.4.1  System  Weight.  -  The  assembly  (Balloon,  Radar  Target, 

Meteoro1 ogical  ML-568/AM)  shall  weigh  not  more  than  125  grams. 

3.4  Packing  in  noss  cone.  -  The  finished  balloon  shall  be 
packed  in  the  nose  section  (3.5)  in  accordance  with  drawing  number 
D  1001501  B. 

3.5  Government-furnished  property.  -  When  the  contract  or 
purchase  order  so  provides,  the  Government  will  furnish  the 
following  to  the  contractor  for  use  in  packing  the  Balloon,  Radar 
Target,  Meteorological  ML-568/AM: 

Item 

No.  Quantity  Description 

1  1  each  Nose  Section,  Rocket  EX4  -  MOD  0 

3.6  Workmanship.  -  The  balloon,  including  all  parts  and 
accessories,  shall  be  fabricated  and  furnished  in  a  thoroughly  workman¬ 
like  manner.  Particular  attention  shall  be  given  to  assure  the  quality 
of  seals,  accuracy  of  dimensions,  and  weight. 

4.  QUALITY  ASSURANCE  PROVISIONS 

4.1  Unless  otherwise  specified  herein,  the  supplier  is 
responsible  for  the  performance  of  all  inspection  requirements  prior  to 
submission  for  Government  inspection  and  acceptance.  Except  as 
otherwise  specified,  the  supplier  may  utilize  his  own  facilities 

or  any  commercial  laboratory  acceptable  to  the  Government.  Inspection 
records  of  the  examinations  and  tests  shall  be  kept  complete  and 
available  to  the  Government  as  specified  in  the  contract  or  order. 

4.2  Classification  of  tests.  -  Tests  shall  be  classified  as 
preproduction  (first  article)  tests  and  production  tests. 

4.2.1  Preproduction  Tests.  -  To  be  considered  ag  an  optional 
requirement.  Will  not  be  included  in  standard  procurements  unless 
specifically  requested  by  the  procuring  agency. 

4. 2. 1.1  Seal  Test.  -  Seals  to  be  inspected  for  compliance  with 
3. 3. 1.4.  Representative  seals  to  be  tested  it^1  accordance  with  ASTM 
Test  Standard  D  882-56T  to  demonstrate  contractor's  ability  to  produce 
seals  with  strength  equal  to  parent  material  between  +130* F  and  -70“  F. 

The  number  of  samples  and  environmental  conditions  of  testing  to  be 
specified  by  the  procuring  agency. 


4.2.2  Production  Tests.  -  No  Balloon,  Radar  Target,  Meteorological 
ML-568/AM  shall  be  accepted  until  all  appropriate  test  requirements 
have  been  satisfied. 

4. 2. 2.1  Test  Facilities.  -  The  tests  shall  be  performed  at  the 
contractor's  plant  or  a  commercial  testing  laboratory  approved  by  the 
procuring  agency. 

4. 2. 2. 2  Production  sampling  plan  shall  be  established  per 
MIL-STD-105  as  specified  by  procuring  agency. 

4. 2. 2. 3  Balloon 

4. 2. 2. 3.1  Material.  -  All  balloon  materials  will  be  certified 
per  3„3.1.1 

4. 2. 2. 3. 2  Seals.  -  Shall  be  inspected  per  Item  3. 3. 1.4 

4. 2. 2. 3. 3  End  caps.  -  Shall  be  inspected  to  conformance  with 
Item  3. 3. 1.5 

4. 2. 2. 4  Corner  Reflector 

4. 2. 2.4.1  Material.  -  All  corner  reflector  film  shall  be 
as  required  by  Item  3. 3. 2.1. 

4. 2. 2. 4. 2  Fabrication.  -  Corner  reflector  pattern  shall  be 
inspected  for  conformance  with  drawing  number  B  1001545  B.  Panels 
cut  using  pattern  must  conform  to  the  tolerances  shown  on  this 
drawing. 

4. 2. 2. 4. 3  Suspension  springs.  -  Shall  be  inspected  for  conformance 
to  drawing  number  A  1001548  B.  Spring  attachment  to  the  corner 
reflector  assembly  shall  conform  with  drawing  number  B  1001547  A. 

4. 2. 2. 4. 4  Corner  Reflector  assembly  will  be  mounted  in  a 

test  fixture  and  visually  inspected  to  assure  quality  of  workmanship. 
Supported  panels  shall  be  inspected  to  insure  that  minimum  sagging 
or  wrinkling  is  found  in  separate  panels  and  panel  junctions. 

4. 2. 2. 5  Balloon  and  Corner  Reflector  Assembly.  -  Every  balloon 
procured  under  this  specification  shall  be  subjected  to  the 
following  cests  and  results  thereof  submitted  with  the  completed 
assembly  per  Item  5.2. 


4. 2. 2. 5.1  Balloon  is  inflated  and  diameter  measured  through  three 
approximately  mutually  perpendicular  axes  per  Item  3. 3. 1.2. 

4. 2. 2. 5. 2  Pressure  Test.  -  Balloon  shall  be  inflated  to  10  milli¬ 
bars  of  superpressure.  After  30  minutes,  inspection  shall  ascertain 
that  less  than  0.5  mb  pressure  loss  has  occurred. 

4. 2. 2. 5. 3  During  pressure  test,  assembly  will  be  visually 
inspected  to  insure  that  the  corner  reflector  is  properly  installed. 

4. 2. 2. 6  Inflation  Capsule 

4. 2. 2. 6.1  Materials.  -  All  materials  conform  with  requirements  call 
out  on  pertinent  drawings. 

4. 2. 2. 6. 2  All  capsules  shall  be  completely  assembled  per 
drawing  number  C  1001375  A  without  isopentane.  Place  each  capulse 
in  a  vacuum  chamber  and  reduce  pressure  to  300  millibars.  Those 
capsules  from  which  the  cover  has  been  ejected  at  greater  pressures 
are  ejected.  Chamber  pressure  is  further  reduced  to  50  millibars. 

Those  capsules  which  have  not  opened  before  reaching  this  pressure 
are  also  rejected. 

4. 2. 2. 6. 3  All  capsules  accepted  per  Item  4. 2. 2.6. 2  are 
reassembled  per  drawing  number  C  1001375  A.  The  filled  capsule 
shall  be  weighed  to  the  nearest  thousandth  of  a  gram.  The 
capsule  shall  then  be  stored  at  a  temperature  of  p-'t  more  than 
-40°  C  for  a  period  of  not  less  than  two  hours.  jove  capsule 
from  low  temperature  environment  and  store  at  room  temperature 
for  not  less  than  one  hour.  Then  expose  capsule  to  a  temperature 
of  not  less  than  +50°C  for  not  less  than  two  hours.  Thereafter 
store  capsule  for  not  less  than  24  hours  at  room  temperature.  The 
maximum  allowable  weight  loss  at  the  end  of  this  period  shall  be 
0.005  grams. 

4. 2. 2. 7  System  Assembly.  -  Shall  be  inspected  for  conformance 
with  Item  3.3.4. 

4. 2. 2. 7.1  Each  system  assembly  shall  be  weighed  per  Item  3. 3.4.1 
and  the  weight  recorded  on  data  sheet  included  with  each  assembly  per 
Item  5.2. 

4. 2. 2. 8  Nosecone  packing.  -  Inspection  shall  assure  that  packing 
conforms  to  drawing  number  D  1001501  B. 

5.  PREPARATION  FOR  DELIVERY 

5.1  Preservation,  packaging,  packing  and  marking.  -  Preservation, 
packaging,  packing  and  marking  for  delivery  shall  be  as  specified 

by  the  procuring  activity. 


5.2  Data  Sheet.  -  A  data  sheet  shall  be  packed  in  each  nose 
section  shipping  container.  The  data  sheet  shall  have  at  least 
the  following  information: 

a.  Contract  number 

■b.  Serial  number  of  balloon 

c.  Weight  of  balloon  (grams) 

d.  Date  of  packing  (3.4) 

5.2.1  Data  sheet  shall  be  duplication  of  Exhibit  "A"  attached. 

6,  NOTES 

6.1  Intended  Use.  -  The  Balloon,  Radar  Target,  Meteorological 
ML-568/AM  is  intended  for  use  in  obtaining  wind  and  density  data 
above  those  altitudes  which  can  be  reached  by  buoyant  balloons. 

6.2  Ordering  data.  ~  Procurement  documents  should  specify 
the  following: 

a.  Title,  number,  and  date  of  this  specification 

b.  Desirability  to  perform  preproduction  tests  (4.2.1). 

c.  Government  furnished  property  (3.5) 

d.  Levels  of  preservation,  packaging,  packing  and 
marking  for  delivery. 

e.  Availability  of  inspection  records  (4.1). 


NOTICE:  When  Government  drawings,  specifications,  or  other  data 
are  used  for  any  purpose  other  than  in  connection  with  a  definitely 
related  Government  procurement  operation,  the  United  States  Government 
thereby  incurs  no  responsibility  nor  any  obligation  whatsoever; 
an'1  the  fact  that  the  Government  may  have  formulated,  furnished,  or 
in  Any  way  supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  implication  or  otherwise  as  in  any 
manner  licensing  the  holder  or  any  other  person  or  corporation, 
or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell 
any  patented  invention  that  may  in  any  way  be  related  thereto. 
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ROBIN  BALLOON  SYSTEM 
Contract  No, 


I,  Fabrication 

A.  Sphere  (Balloon  No.  _ _ 

1.  Date  Fabricated 

2.  Diameter  Calibration 


1.  Fabrication  Checked 

a.  Corner  seals  complete 

b.  Panels  smooth  _ 

2.  Springs  attached  on  center  of  seal 

C.  Balloon  Corner  Assembly  Date  _ 

D.  Pressure  Test 


Nosecone  No. 
Shipped  To 
Date  Shipped 
Waybill  No. 


a. 

Measured  at 

10  mb 

superpressure 

b, 

X 

Y 

2 

1 .  IM(  ) 

.00 

IM(  ) 

.00 

IM<  ) 

2.  J.M(  ) 

.00 

IM(  ) 

.00 

3.  IM(  ) 

.00 

IM(  ) 

,00 

Corner 

Reflector 

Fabricated 

By  _ 

Checked  By 


Checked  By 


1.  Inflate  to  10  mb  superpressure  and  hold  for  30  minutes. 

Pressure  reading  at  end  of  test  period  _  mb  (Not  less  than  9.5  mb) 

2.  Final  Assembly  Check  (Concurrent  with  pressure  test) 

a.  Proper  corner  alignment  By 

b.  Gore  seals  checked  _ 

c.  End  cap  seals  checked 

d.  Spring  alignment  checked  ~~ 


II.  Nosecone  Packinf 


A.  Capsule  Model-Unit  No. 

1.  Empty  capsule  weight  _ _  grams 

2.  Capsule  filled  with  _ cc  of  liquid 

3.  Capsule  weight  on  date  filled 

4.  Capsule  weight  on  date  packed 

B.  Packing 

1.  Date  Packed 

2.  Balloon  Assembly  (with  capsule)  weight 


grams 

grams 


(Date)  By 
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